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ABSTRACT 


A number of 8-bromohydroperoxides have been prepared by the 
reaction between olefins, 1,3-dibromo-5,5-dimethylhydantoin, and 
hydrogen peroxide. 

While the §-bromohydroperoxides of tetrasubstituted olefins react 
with base to give allylic hydroperoxides, those of lesser-substituted 
olefins react via the initial formation of four-membered cyclic 
peroxides. Starting with 2-methyl-2-butene it has been possible to 
prepare solutions of 3,3,4-trimethyl-1,2-dioxetane C20} Sethe; first 
four-membered cyclic peroxide ever obtained. The thermal decomposition 
of 20 has been studied in the range 40-60°. The sole products of 
decomposition of 20 in solution were acetone and acetaldehyde. In 
carbon tetrachloride solution the activation energy for the 
decomposition of 20 was found to be ca. 23 kcal mole7!, 

In benzene solution 20 decomposes with the emission of blue light. 
The emission spectrum has a maximum at 430-440 my and is very similar 
to the emission spectrum of singlet n,n* acetone. The formation of a 
singlet excited carbonyl compound during the decomposition of 20 has 
been confirmed by means of energy transfer experiments. Luminescence 
during the decomposition of 20 confirms recent suggestions that 
four-membered cyclic peroxides are responsible for many instances of 


chemiluminescence and bioluminescence. The mechanism of luminescence 
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of 20 is discussed in terms of orbital symmetry theory and 
thermochemistry. The role of four-membered cyclic peroxides as 
intermediates in organic chemistry is also discussed. 

A study of fist esa ction between 2-bromo-2,3-dimethyl-3-butyl 
hydroperoxide (18) and silver acetate has led to the synthesis and 
isolation of crystalline 3,3,4,4-tetramethyl-1,2-dioxetane (49). 

In benzene solution at 60° compound 49 decomposes to acetone with the 
emission Of Diuie Fignt. 

Neither 20, nor 49 gave allylic hydroperoxides on treatment with 
base, So (that i y22dcroxetanes can be “excluded as intermediates in the 
dye-photosensitized oxygenation reaction of olefins and in the 
reaction of tetrasubstituted §8-halohydroperoxides with base. The 
mechanism of the latter reaction is not known with certainty, but a 


perepoxide intermediate is probably involved. 
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CHAPTER I 


PREPARATION AND BASE-PROMOTED REACTIONS 


OF SOME 8-BROMOHYDROPEROXIDES 


The objective of this investigation was to study the base-promoted 
reactions of 8-bromohydroperoxides. 

The dye-sensitized photooxidation of olefins affords a unique 
route oval ly lic shy droperoxides of definite structure, (1,2)... The 
hydroperoxy group is always introduced at one of the originally 
olefinic carbon atoms and a shift of the double bond always occurs, 
eq. [1], so that..the.reaction is very useful from a synthetic 


standpoint. 


[1] De =10->) Coa. ee 0 


While the reaction proceeds well with tetrasubstituted olefins 
and somewhat less so with trisubstituted olefins, disubstituted 
olefins require several days irradiation for significant yields of 
products so that other reactions become important (3). This difficulty 
led to a consideration of other routes which would be as specific yet 
more generally useful for the conversion of olefins to allylic 
hydroperoxides. Thus, conversion of an olefin to the B- 


halohydroperoxide and then the elimination of the elements of halogen 
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acid would constitute a simple, two step, chemical transformation of 
the olefin to an allylic hydroperoxide. Such a transformation would 
relocate the double bond of an olefin and introduce the hydroperoxy 
group into the same positions as is observed in the photosensitized 


Oxidatroen,-eq, [2]. 


OU-7.H O-H 
H / ye 


Ce 


| 
be C2= oe 


O 
| base | 
[2] >cls c2- a + 


Just prior to the commencement of the present study van de Sande 
(4) had developed for the first time a practical synthetic route to 
p-halohydroperoxides. He utilized the reaction between olefins, 98% 
hydrogen peroxide, and N-chloroacetamide. This reaction is analogous 
to the widely used reaction between olefins, water and N-haloamides 
For the synthesis of g-halohydrins (S70imo before. that time 
B-halohydroperoxides had been prepared by the autooxidation of 
See hydrocarbons (7,8), and by the reaction between olefins, 
hydrogen peroxide and t-butyl hypochlorite (9). These latter reactions 
were not very clean and gave only low yields of 8-halohydroperoxides. 
van de Sande (4) had also discovered that the tetrasubstituted 
B-chlorohydroperoxide from tetramethylethylene was rapidly and cleanly 
converted to allylic hydroperoxide on treatment with base, eq. [2]. 
A decision was then taken to extend the scope of the investigation to 
include lesser-substituted 8-halohydroperoxides. To facilitate the 
elimination of halogen acid in the second stage of the reaction 


sequence 8-bromohydroperoxides were chosen in preference to 
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B-chlorohydroperoxides. 
Cyclohexene and 2-methyl-2-butene (1) were chosen for the initial 


study since both were commercially available. 
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RESULTS AND DISCUSSION 


An attempt was made to synthesize the desired 8-bromohydroperoxides 
using the method of van de Sande (4). Of two available ether-soluble 
N-bromoamides, 1,3-dibromo-5 ,5-dimethy lhydantoin (2) was chosen in 
preference to N-bromoacetamide since the latter was colored with free 


bromine. 


Preparation of trans-2-Bromocyclohexyl Hydroperoxide (3): 

The reaction between cyclohexene, one equivalent of 2 and a five- 
fold excess of hydrogen peroxide in ether at -40° proceeded readily. 
The excess hydrogen peroxide and 5,5-dimethylhydantoin could be 
completeiy removed by washing with water. The yield of trans-2- 
bromocyclohexyl hydroperoxide (3), 73%, was estimated by iodometric 
titration of the known weight of oil obtained after removal of the 
solvent. The purity of the crude product, 72%, was increased to 88% 
by low temperature recrystallization from pentane. The nuclear 
magnetic resonance (n.m.r.) spectrum (CCl) showed absorption at t 1.04 
(broad singlet) for the hydroperoxy proton, t 5.80 (multiplet) for the 
methine protons, and t 7.4-9.0 (broad) for the methylene protons of 
the ring. The relative peak areas were 0.89:2.0:8.1, required 1:2:8. 
Compound 3 took up 91% of the theoretical volume of hydrogen over 
platinum oxide to give trans-2-bromocyclohexanol (4), 80%, as an OaeL. 
The oil was subjected to gas-liquid chromatography (g.l.c.). The 


major peak had a retention time identical with that of an authentic 
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specimen of 4 (10). Only traces of trans-1,2-dibromocyclohexane (5) 
were observed. Compound 4 was also converted to the p-bromobenzene- 
sulfonyl ester which was identical with an authentic specimen (10). 

When the synthesis of bromohydroperoxide 3 was attempted at 0° rapid 
evolution of a gas occurred, bromine was formed and large amounts of 


dibromide 5 resulted. The formation of 3 is shown in equation [3]. 


Br® Cae aor Br 
[3] ee + 
HO By Be 
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Reaction of trans-2-Bromocyclohexyl Hydroperoxide (3) with Base: 
As.vanidé.Sande had reported; (4) unethe case of tetrasubstatuted 

B-bromohydroperoxides, 3 also gave a vigorous reaction with base. 

However, it soon became apparent that the reaction was not proceeding 


inathewexpected manner ,seqaa(4). 


O - OH O - OH 
base 
ee Oe ey 
MIB 


2 2 
A solution of 3 in ether was allowed to react with potassium hydroxide 
in ethanol at room temperature. The mixture began to boil and deposit 
a white precipitate. After boiling for ca. 30 minutes the reaction 
subsided. After stirring overnight at 25°, iodometric titration of an 
aliquot showed that 95% of the hydroperoxide had been consumed. The 
residual hydroperoxide was reduced by stirring with aqueous sodium 


sulfite (11). The mixture was analyzed by g.l.c. but no trace of the 
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expected 3-cyclohexenol (7) could be found. The major volatile 
components, cyclohexene oxide and trans-2-bromocyclohexanol (4), were 
identified by comparison of the g.l.c. retention times with those of 
authentic cyclohexene oxide (12), and 4 (10). Quantitative (13) 
g-1.c. analysis showed that 29% cyclohexene oxide and 27% 4 had been 
formed in the reaction. Cyclohexene oxide was also recovered by 
distillation. The infrared spectrum of the recovered cyclohexene 
oxide was identical with that of authentic cyclohexene oxide (12). 
Extraction of the aqueous washings yielded trans-1,2- 
cyclohexanediol (8) in ca. 2% yield. Crystals of 8 obtained by 
mecrystallrzat ion strom benzene did not depress ‘the: melting point. of 
an authentic sample of 8 (14). A marked depression of melting point 
was observed for a mixture of recovered 8 with an authentic sample of 
cis-1,2-cyclohexanediol (15). The mass spectrum of isolated 8 showed 
aupavrentapeake atem/e lO, Uolo, requiredetor CoO. 116.0857. “The 


Gale? 


results are summarized in equation [5]. 


O - OH (1) base OH 
» OC" 2 o- oO 
“UY (2) Na,S0, WN Br 
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A search was made for adipaldehyde which might result from ring 


cleavage, and possible products derived from it, but no such material 
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could be identified. Also, a search was made for 2-bromocyclohexanone, 
which would be expected to be formed by base catalyzed elimination 


of hydroxide ion from the secondary hydroperoxide CCl pace. Aiea 


OOH O 
- . base Ya = 
[6] Se + OH 
My Br Br 


2 


Although traces of a strongly lachrymatory substance were produced, 
no further evidence of it or products derived from it could be found. 

A possible reason for the poor product balance could be reaction 
of cyclohexene oxide with sulfite ion during the reduction step, (18) 
eget a7 |x 
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FUrEnNermmOre, stile: whee preci pitareuoptainedmin ithe initials reaction 
of 3 with base consisted not only of potassium bromide (flame test, 
and silver nitrate test), but also at least six organic components as 
revealed by thin layer chromatography. These materials were not 
explored any further. 

Several other reactions were carried out between trans-2- 
bromocyclohexyl hydroperoxide (3) and base. The reaction temperature, 
time, concentration of reactants, and method of reduction (sodium 
borohydride, lithium aluminum hydride) of the crude reaction mixture 
were varied. In no case was any trace of cyclohexen-3-0l (7) found. 


An authentic sample of 7 was prepared by the sequence shown in 


i i i , ; ef De - Ny ; : j 
- ri A eis i” wr if We vhs enh 
oe ~ 


) Die yeas apie 74 sehen ‘e Te Sica, ane 


ates OF a oe 
er, 


VET Con) ee aoe eee 


' . hit AA. = laste. , ivy tend 4°). oh oe rot, qbike : 


; li 
, he ey 
- ‘ } | 
1 ' 7S aa , 
ha ( 
mo : 
r nea : i (Lea? e. rauies ant a 
? an 1% | el ral 
nine. oe A ; j ; 
riet Ti = i" ae ; "ih : " Ps yt » ' wy a . ud sDay 


‘ ; mii ao pi ia ; 7h \ as scandal 


= ¥! \ \y v4 ; i a 
sie ‘J / 
A ; a oo f 
: Ms we 
. iT® 2 1a oe oa bere a] vi Lp | Tre pete LA4a> 3 i oa As & Ai? ; vie , 


7 yee? mpl) BU ani gan icy YS my San fern eon aed a 


“A apragowne 4843 S Oe AG GOSA SC ra “Sesat @laerka whieh 
54 orew Kieirige dient) .yAaoer parm ito veges lar OF 
= » os 1 ri erer | a7 
7 7 : re x 


noave a4 sil Bee v84s e900  Anrr..Poutt ahlaie tas 
7 Fe ia ahounges® i : r iH 
a er aetna! feo oi att Laan dan te ) @& ot — vil merce 


ay 7 seth’ sais a andes ee hw ‘iualate is 


‘ woksbagy warys, ¥4> ia Aveo isd dais auuielt : 
eee : 


sryinsola p. t9 SNE) WUD. coed any ana" , 


‘a Dim 
ari 


‘s 
' 


co 


equation [8]. 0 
l 
Je eur 
Br OH 
[8] CJ Dene AcO é L1AlH, 
a 
g 10 a 


Cyclohexene was heated in refluxing carbon tetrachloride with N- 
bromosuccinimide (N.B.S.) and a trace of benzoyl peroxide to yield 
(19) 3-bromocyclohexene (9). A solution of 9 in refluxing glacial 
acetic acid was allowed to react (20) with sodium acetate for a few 
minutes to give 3-acetoxy-cyclohexene (10). Finally an ether solution 
of 10 was reduced with lithium aluminum hydride to give 7 as a 
colorless liquid. The n.m.r. spectrum (neat) of 7 showed absorption 
get ea Oo MULCUpLet) miLOreciemOletiny cuprovtons,, 1 4.9/7 (Sanglet) for 
Uiewhydroxy Leproton, 1 5,69 (broad) tor the methine: proton and 

ta 2o- 6.6) (broad) for the ring methylene protons with relative peak 
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Preparation of 2-Bromo-2-methy1l-2-butyl hydroperoxide (11): 

In the manner used for the preparation of 3,2-methyl-2-butene (1) 
was converted to bromohydroperoxide 11, eq. [9]. The direction of 
addition is assumed to be in the Markownikov sense (see reaction using 
styrene). The oil obtained was found to be 92% pure by iodometric 
titration. | From the purity and weight of the crude o1l the yield of 
1l was estimated to be 81%. No attempt was made to improve the 


purity (or Li. 
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Mem. n.r. spectrum (CCl) of 11 showed absorption at t 1.40 (broad) 
LOL Tene My Groperoxy protons. t .50 (quartet, J = 7 c.p.s.) for the 
methine proton, t $8.32 (doublet, J = 7 c.p.s.) for the terminal methyl 
eroup protons, and 1 8.63 and 8.72 for the protons of the non- 
equivalent gem-dimethyl groups. The relative peak areas were 
Tie eee pequureds 25-0, “Alcarbon tetrachloride solution 
of bromohydroperoxide 11 was stable to heat at 60° for 21 hours. 

Both 3 and 11 developed a brown coloration when exposed to light for 
long periods but could be stored indefinitely at -10° in the dark. 

At the time when the work on the preparation of §-halohydro- 
peroxides was well advanced, two reports appeared in the literature 
on this subject. Rieche, Schulz and Kirschke (21,22) synthesized 
rele comer oiie: by reaction between an olefin, hydrogen peroxide 
and molecular halogen. The main disadvantage of this procedure is 


the side reaction leading to dihalides. 


Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide (11) with Base: 

van de Sande (4) had investigated the base-promoted reaction of 
3-chloro-2-methyl-2-butyl hydroperoxide without being able to detect 
any of the desired allylic hydroperoxide (12). Preliminary experiments 


using 11 confirmed that the allylic hydroperoxide 12 was again not 
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formed but that acetone and acetaldehyde were among the major reaction 


pmOGUCES, yeqee [410i]. 


OH OH 
Caner of 
| | | base phe . 
HOP CH Cer Ce a GH gee6t cn C + Br (C17) 
Sept hy ta! Salads 
CH, Br(C1) CH, 
11 2 


A solution of bromohydroperoxide 11 in methanol was allowed to 
react with sodium hydroxide at 0°. At intervals samples were 
withdrawn and quantitatively analyzed by g.l.c. The results showed 
that after 10 minutes reaction, 88% acetone and 85% acetaldehyde had 
apparently been formed. The apparent yields of these substances 
d-Creascd yd tia tine wine luarocm LomnOuUrs tere were present Jo 
acetone, 17% acetaldehyde, and ca. 10% of 2,3-epoxy-2-methylbutane 
(13). Acetone and acetaldehyde were identified by comparison of 
their retention times on two ditferent .¢.1.c.-columns with those of 
authentic samples. Thin layer chromatography of the mixture of 
2,4-dinitrophenylhydrazines obtained from a portion of the reaction 
mixture gave two partially resolved spots. The Re values were equal 
to those of the 2,4-dinitrophenylhydrazones of acetone and 
acetaldehyde. 

After 18 hours reaction with base the mixture was poured into 
water and extracted with ether. G.1l.c. analysis of the organic layer 
showed that 10% of epoxide 13 had been formed in the reaction. This 


material was isolated by distillation and by trapping it from the 
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effluent of the g.l.c. colum. Its n.m.r. and infrared spectra were 
identical with those of an authentic (23) sample Of SIS Ts ihe 
undistilled residue was also examined by g.l.c. analysis. Its 
retention time and peak characteristics corresponded closely with 
those of 2-methyl-2,3-butanediol (14). It appeared to be the major 
reaction product. In addition, a small peak of retention time 
identical with that of 2-methyl-3-bromo-2-butanol (15), ca. 4%, was 


observed. The results are summarized in equation [11]. 


OH 
Or Ch HO CH, 0 
| | 3 Base | | iy: % 
Ore eC Gey FP CHE mG oC si 
‘om 18 hours lid: a 
CH, Br 0 CH, Br CH, CH, 
i As 13 
[11] 
HO OH 
| cH, CH. 
+ CH., =F Gaui = Ss ye = O + ee = O 
ba CH. H 
CH CH. 
14 


In view of the peculiar behavior of bromohydroperoxides 3 and 11 
towards base, it was decided to include another olefin in the initial 
investigation. Styrene was chosen for its commercial availability 
and also because it lacks allylic protons and could not, therefore, 


undergo conversion to an allylic hydroperoxide. 
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Preparation of 2-Bromo-l-phenylethyl Hydroperoxide (16): 
In the manner outlined for the preparation of bromohydroperoxides 


Sand) 11\,| styrene) was: converted to 16, eq. [12]. 


Au 
CoH. H O 
\ yA Bie | 
p24 Gea > Cohan, =SCHaBy 
W _ H,0, 65 | i) 
H H H 
SAO 
16 
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The oil obtained was 86% pure by iodometric titration. From the weight 
Of O11 and its purity ‘the overall yield of 16 was estimated to be 78%. 
fies. m. dc. specc rum (CCl) of 16 showed absorption at t 1.00 (broad) 
LOT eCNe NY ILOperOxy = PrOlen, etre. OU s(Sungilet) for the phenyl protons , 

t 5.07 (triplet, J = 6.5 c.p.s.) for the methine proton, and t 6.48 
Coupee p10, aCap iS vecanant 0-058 (COUDLoE. = 10.5 5C.p.s,.) tor Che 
non-equivalent methylene protons. The relative peak areas were 

ORS 2 55 020 801. 0 required 152 el hissiaterral was reduced with 
Nevtralysodiumesulsite (11), to 2-bromo—i-phenytethanol (17) in 387% 
yield. The oil obtained had similar physical properties and identical 
Nhmse. andlintrared Spectra, with" thoseson san authentic sample (24525). 
This experiment showed that the formation of 8-bromohydroperoxides 
proceeds in the Markownikoff sense, as assumed earlier in the reaction 


of 2-methyl-2-butene (1). 


Reaction of 2~Bromo-l-phenylethyl Hydroperoxide (16) with Base: 
EE ASN SSR EO ae SAS Sa nodes id SLU al cial NN ep Sy oats lec ian NE EOS e nR GIL PASRELE 
When a methanol solution of 16 was allowed to react with sodium 


hydroxide at 0°, a white precipitate began to deposit. After two hours 
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the mixture was separated into neutral and acidic fractions by 
dilution with water and extraction with pentane. After concentration 
and acidification the aqueous layer yielded 45% benzoic acid based-on 
the hydroperoxide content of 16. 

The pentane layer was concentrated and a portion of it treated 
with 1,2-dianilinoethane (26). In this way benzaldehyde, 2.9%, was 
recovered as 1,2,3-triphenyltetrahydroimidazole, which did not 
depress the meltimegpoine Of an authentic sample (26) . 

The bulk of the concentrate was chromatographed on neutral 
alumina to give a trace of styrene and a mixture of benzaldehyde and 
Styrene, Ox1de. | QUantative o.1.c. analysis (13) of the eluent showed 
that 4% benzaldehyde and 45% of styrene oxide had been formed in the 
reaction. Styrene oxide was also recovered in 33% yield by 
distillation of the chromatographed material. It was identified by 
comparing itsiinfrared and n.m.r. spectra with those ofan authentic 


sample of styrene oxide (25). The results are summarized in equation 


[13]. 


O 
| base 
C 


PCH SDT 6” wee et Cl, GOO + Cle. =sCHG 
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From these preliminary experiments it was obvious that the base- 


promoted reactions of bromohydroperoxides 3, ll, and 16 in no way 
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resembled the reactions of tetrasubstituted derivatives. The reaction 
of 2-bromocyclohexyl hydroperoxide (3) could conceivably have been 
influenced by conformational effects, but the failure of Ide tov give 
the allylic hydroperoxide, i2, was particularly surprising, especially 
in view of its close similarity to 3-bromo-2,3-dimethyl-2-butyl 


hydroperoxide (18), eq. [14], (4). 


/OH SH 
O CH. O 
| | base | pote. 
CH. = (C= ¢ =H —_—_> Clery nCs = Cy 
| | | H 
CH, Br CH, 
11 12 
[14] 
OH OH 
O CH, O 
| | base | jcH 
CH= C <- (C~ CH, ae eee 2 CH. C - CL 
pecsle | | CH, 
CH. Br CH. 
18 Loe 75) 


The formation of cleavage products from the base-promoted reactions 

of 2-bromo-l-phenylethyl hydroperoxide and also in the early stages 

of the reaction of 11 with base was in keeping with some observations 

of other workers which appeared during the course of this work. 
Richardson, Peters and Konopka (27) reported that acetone and 

formaldehyde are rapidly produced in the reaction of 1-chloro-2-methyl- 


2-propyl hydroperoxide with base, eq. [15]. 
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base CH H 


In addition to these products, Schulz, Rieche and Kirschke (21) obtained 
some isobutylene oxide in the reaction of the corresponding 1-bromo 
derivative with base. A similar cleavage was observed by Dulog and 
Voght (28) in the base-promoted ethan of 2-methyl-2-hydroperoxy- 


propronttrile, eq... (lok. 


0 
| 

[16] easly ee ile ee ge G.= Osa 10r-nG = NO 
C 


These hydroperoxides have the substituent on the terminal carbon so a 
Simple elimination route to allylic hydroperoxides is not possible. 
Pieewasmsucles ted a 22720) that the cleavage products might have 
resulted via the thermal decomposition of intermediate four-membered 
cyclic peroxides. Such compounds are more properly named as 
derivatives of 1,2-dioxetane (29). If such a mechanism could occur 
in the present system,then the base-promoted reaction of 3-bromo-2- 


methy1-2-butyl hydroperoxide (J) would become understandable, eq. [17]. 
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OH 
/ 
O CH, Ol==O 
| | base | 
[17] ore Ne > CH, -C-C-H + Br® 
| 0° thc, 
CH, Br CH CH 
ist 20 
Gel. Ge 0° 
analysis 
O O 
| | : 
eS . yeN 
CHz CHz CHz oH Products 


If the intermediate 20 underwent a further slow reaction to give the 
ultimate products, was stable at 0° but decomposed on g.l.c. analysis, 
then the gradual decline in the apparent yield of acetone and 
acetaldehyde would reflect the slow reaction of 20 to give other 
peeducts. If 5,3,4-trimethyl-1, 2-dioxetane (20) was stable at Om 
there existed the possibility of isolating this and other members of 


this unknown class of compounds. 
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Melting points and boiling points reported are not corrected. 
Refractive indices were measured on a Bausch and Lomb Abbe-3 L 
Refractometer. Infrared spectra were recorded on Perkin-Elmer Model 
421 and Model 337 spectrophotometers and only characteristic 
absorption bands are cited. N.m.r. spectra were determined with 
Varian analytical spectrometers, Models A-60 and A56/60 with 
Cocramethyisalane (TMS) sas anternal standard. . G.1.c. analysis was 
carried out on Aerograph 202 and A-90-P3 gas chromatographs. Mass 
spectra were obtained on A.E.I. MS-9 and MS-12 mass spectrometers. 

All preparations and reactions of 8-bromohydroperoxides were 
carried out behind shields. Apparatus containing these materials 
was manipulated with the aid of clamps where possible. The hands 
were protected with heavy canvas gloves and a face shield was worn. 
It was important to use scratch-free glassware and uncontaminated, 
teflon-coated stirrers. At no time during this work did an explosion 
occur, but rapid decomposition of some bromohydroperoxides did occur 
if allowed to come into contact with metallic particles or surfaces. 

Hydroperoxides were estimated iodometrically using the procedure 
of Organic Synthesis (30). Solutions and solvents were dried over 


anhydrous magnesium sulfate unless indicated otherwise. 
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trans-2-Bromocyclohexyl Hydroperoxide (3): 


To 50 ml of anhydrous ether stirred at -40°, 98% hydrogen peroxide 
(17.0 g, 0.5 mole) was added in small portions. Each addition caused 
a very rapid increase in temperature. The additions were made at such 
a rate that the temperature did not rise above -30°. Sometimes solid 
hydrogen peroxide was formed but this could be dissolved by continued 
stirring. On reattaining -40°, cyclohexene (8.2 g, 0.1 mole) was added 
in one portion. Then 1,3-dibromo-5,5-dimethylhydantoin (2) (14.3 g, 
0.05 mole) was slowly added in powder form. If large amounts of 2 
were added the solution became colored with bromine. This problem 
was overcome by adding solid 2 as a fine stream from a small-bore 
funnel. When the addition of 2 was complete the cooling bath and its 
contents were allowed to warm slowly to ca. 10°. When the mixture had 
become {ee cSsnoans 50 ml water was added and the mixture was allowed 
to stir for a few minutes. The organic layer was then separated and 
extracted three times: with, 50 mii water... To check the efficiency of 
extraction each aqueous extract Wasesuinred witheplatinum oxide: 

While the first extract evolved a large amount of oxygen the fourth 
extract gave virtually no gas evolution. After destroying the excess 
hydrogen peroxide each extract was evaporated to dryness. The weights 
of 5,5-dimethylhydantoin m.p. 172°, reported (31) 172-175°, were 
Suisone!, 1000 sede 250 035 andy 0s lope eGl04 oje 

The organic layer was dried and concentrated at room temperature. 
The crude product, 19.8 g of an oil, contained 72% of the theoretical 
hydroperoxide content as determined by iodometric titration. The 


overall yield was 73%. The crude material was recrystallized from 
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100 ml pentane at -78". The crystals melted at ca. -20° to a colorless 
liquid. Removal of residual pentane under reduced pressure gave oil 
with 88% of the theoretical peroxide titer. The n.m.r. spectrum is 


described in the results and discussion section. 


trans-2-Bromocyclohexanol (4) from trans-2-Bromocyclohexyl 
Hydroperoxide (3): 

Hydrogenation of 1.95 g (88% pure, 8.8 mmole) of 3 in 25 ml ether 
over platinum oxide at 0° and atmospheric pressure resulted in the 
rapid uptake of 178 ml (S.T.P.), 91% (based on the hydroperoxide 
Content of 3) ot*hydrogen. “the dried, filtered ether solution was 
Drcenr rated COe Ci VerenwOlleewGelsc.. analysis of the oul on a 5 ft. x 
1/4 in. column of 10% QF-1 on Chromosorb W at 150° showed the presence 
of a trace of trans-1,2-dibromocyclohexane (5). The major product had 
Oeoetnc. Levent10n timesidentical with that of an authentic sample. (10) 
of trans-2-bromocyclohexanol (4). A portion of the oil was converted 
to the p-bromobenzenesulfonyl ester of 4 (10), with melting point 
and mixture melting point with authentic material (10) 90.0-90.5°; 


reported (10) m.p. 91.9-92 43°. 


Reaction between trans-2-Bromocyclohexyl Hydroperoxide (3) with base: 


Alsohutuonncr epotassaum thydroxides(5 joue, 20 41 nelle) anes col 
ethanol was added at 25° to a solution of 3 (19.5 g, 80% pure, 0.08 
mole) in 100 ml ether. Within 2-3 minutes boiling commenced and 
continued for ca. 30 minutes. The mixture was allowed to Sta: 
overnight at 25° by which time a white precipitate had formed. 


Iodometric titration of an aliquot of the slurry showed that 95% of 
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tire hydroperoxide had been consumed. The mixture was filtered and 
the filtrate stirred vigorously with 50 ml of aqueous 2 M sodium 
sulfite (11) for 1 hour. The organic layer was then separated, washed 
twice with water, dried and the solvent removed through a vigreaux 
column. 

The residual 011 had a pungent odor. The infrared spectrum (neat) 


1 and a 


showed broad strong absorption in the region 3600-3200 cm 
medium intensity absorption with several maxima between 1735 and 
1715 cm™+, The major volatile components were found by g.l.c. analysis 
to be cyclohexene oxide and trans-2-bromocyclohexanol (6). These 
compounds were identified by comparison of their retention times with 
those of authentic samples on a QF-1 column and on a 5 ft. x 1/4 in. 
column of 20% DEGS on Chromosorb W at 150°. The mixture was analyzed 
by quantitative g.I.c. (13) using benzaldehyde as internal standard. 
The molar response factors were benzaldehyde 100, cyclohexene oxide 
46.1, trans-1,2-dibromocyclohexane 147, and trans-2-bromocyclohexanol 
101. The yields were cyclohexene oxide 29%, trans-1,2-dibromocyclo- 
hexane 2%, and trans-2-bromocyclohexanol 27%. 

Attempted distillation of a portion of the oil resulted in 
decomposition soon after boiling began (pot temperature 100°, 10 mm). 
A small amount of colorless liquid which had collected in the condenser 
was taken up in carbon tetrachloride. The infrared spectrum of this 
material was identical with that of authentic cyclohexene oxide 
Cr). 

The aqueous extract remaining from the original reaction was 


extracted several times with ether and the dried extracts concentrated. 
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The viscous 0i1 (0.3 g) which remained, crystallized on standing. 

The material was recrystallized from benzene and then melted at 
96.0-97.5°. The mass spectrum of this substance showed a parent peak 
ata) 6 116.0855- CoH, 50, requires 116.0837. It was identified as 
trans-1,2-cyclohexanediol (8) by its mixture melting point with an 
authentic sample (14) of 8, m.p. 96-101°. The mixture melting point 
with authentic cis-1,2-cyclohexanediol (15) was 65-74°. The reported 
(S2) melting pointetor the, cis-diol is 96-93". 

Texprecipitave Obtammcdson iLiterine the invtial reaction 
mixture was taken up in a small amount of water. The solution was 
made acidic with 6N hydrochloric acid and extracted with chloroform. 
TNeEsOrCanL LO, layer was sdried, and the solvent removed to yield 0.8 2 of 
a ViSCOUSsOll.. A thin layer chromatogram ‘of ‘this material” on silica 
Pel, Gat, 2o4s-as aasompent andsctner as eluent indicated that at Least 
Six components were present. The material was not investigated 
tint hen. 

Several other reactions between 3 and base gave similar results. 
The reaction temperature and time, concentration of reactants, and 
method of reduction (sodium borohydride, lithium aluminum hydride) 
of the crude reaction mixture were varied. In no case was any of 


cyclohexen-3-o0l (7) found. 


trans-2-Bromocyclohexanol (4): 

The method of Winstein and co-workers (10) was used to prepare 
4 from cyclohexene (12.8 g, 0.156 mole). The product was fractionated 
to yield 4 (17 g, 61%), b.p. 64.5-65.5° (2.7 mm) and b.p. 18> (Gm); 


reported (10) b.p. 72° (3 mm). The compound was converted (0); to 
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the p-bromobenzenesulfonyl ester, m.p. 90.0-90.5°; reperted (LO), 


i eR A 


Cyclohexene oxide: 

The method of Organic Synthesis (12) was used to prepare 
cyclohexene oxide from 2-bromocyclohexanol (5.72 g, 0.032 mole) and 
sodium hydroxide. The product was fractionated to yield cyclohexene 
Oxidem@ 5 g,5806) 5 b.p. 129-1345; Creported=Gi2) b.p. 129-134". This 


fraction was analyzed by (2..c. and 1ound to be 99% pure. 


transe1,2-Cyclohexanediol (8): 

The method of Winstein (14) was used to prepare Onby <acid- 
Catalyzed=hydravion of cyclohexene oxide (1.89 ¢, 19.3 mmole). The 
yield of 8 after recrystallization from benzene was 0.922 g (40%), 
m.p. 96-98°; reported (14), m.p. 103-104°. The mixture melting point 


with authentic cis-1,2-cyclohexanediol (15) was 65-74°. 


trans-1,2-Dibromocyclohexane (5): 

The method of Organic Synthesis (34) was used to prepare 5 from 
cyclohexene. (12.3 9: 0.15 mole) and bromine: (21 ¢,.0.13-mole)..vihe 
distilled product (28.7 g, 77% yield), b.p. 98-99° (13 mm), was impure 
as revealed by n.m.r. analysis. Crude 5 was passed through a short 
column of alumina (Grade 1) as a solution in pentane. The pentane 
Ge ee under reduced pressure at 25° and the residue refractionated. 
The boiling point of the purified 5 was unchanged. Reported (33) 
bap. (99-103°..(lo.mm): esNeither the n-m.r: spectrum.nor the g.l.ce 


chromatogram of purified 5 showed any evidence of impurity. 
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3-Bromocyclohexene (9): 

Cyclohexene (9.9 g, 0.12 mole), N-bromosuccinimide (17.8 g, 
0.10 mole) and a trace of benzoyl peroxide were heated in 100 ml of 
wetluxing carbon tetrachlomide for:asperiod:of 72 hours (19)... The 
mixture obtained was filtered to remove succinimide and the filtrate 
fractionated to yield 9, (8.0 g, 50% based on N-bromosuccinimide used) , 
Dyp.250°0(1.5 mnji;treporteds(19) (b.p. 55¢57°° (11 mm). ‘i Theeproduct 
decolorized alkaline permanganate, and also bromine water, and gave 
a posttive. Belstein test. | G.1.c. analysis indicated a maximum of 4% 


impurity. 


Cyclohexen-3-ol (7): 

A solution of 9 (8.0 g, 0.05 mole) and anhydrous sodium acetate 
(ies, 0,05 mole) in 50 mivglacral acetic acid was heated at refiux 
for 5 minutes “(20j.) Al precipitate of sodium bromide formed rapidly 
(silver nitrate test). “The cooled mixture was filtered and the 
precipitate washed with glacial acetic acid. The filtrate and 
washings were neutralized to pH 8 using aqueous 10% sodium carbonate 
and the resulting mixture extracted with ether. The dried ether 
extract, containing 3-acetoxy-cyclohexene (10), was slowly added to a 
stirred slurry of lithium aluminum hydride in ether at 25°. 

After stirring overnight the mixture was treated with 15% aqueous 
potassium hydroxide to destroy the excess hydride. The dried ether 
layer was fractionated to yield cyclohexen-3-ol (2.0 g, AN aes. 
53° (6 mm); reported (34), b.p. 63-65° (12 mm). The n.m.r. spectrum 


is described in the results and discussion section. 
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3-Bromo-2-methy1-2-butyl Hydroperoxide (11): 

The procedure described for the preparation of 3 was used to 
prepare a crude sample of 11 from 7.0 g (0.1 mole) of 2-methy1-2- 
burene®(1)} 1423 e°(0. 05 mole) of«theshydantoin,; een dein Oem COe 
mole) of 98% hydrogen peroxide in 50 ml anhydrous ether. The oil 
obtained was freed of residual ether by storing it at 0.1 mm pressure 
£0r2ihourss, The residual o1ly love; .had? 92% of the théoretical 
hydroperoxide content by iodometric titration. The overall yield of 
fitwas~ 80%. he nemsr. spectrum lias been described in the results 
and discussion section. 

A carbon tetrachloride solution of 11 showed no change in the 
Nn.m.r. spectrum and negligible loss of hydroperoxide content (iodimetry) 
after being heated at 60° for 21 hours. However, 11 did develop a 
brown coloration when exposed to light for long periods but could be 


stored indefinitely at -10° in the dark. 


Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide (11) with base: 

Preliminary experiments showed that 11 was not converted by base 
to the allylic hydroperoxide, 12. Prior to reduction of the residual 
peroxides with sodium borohydride the basic reaction mixture gave a 
pOsttlvevochutt satest. 70r aldehyde. Acetone and acetaldehyde were 
detected among the products by g.l.c. analysis. The experiment was 
repeated and the yield of acetone and acetaldehyde monitored 
continuously. 

A solution of 11 (0.6242 g, OU Se puress 5a0dr x 1075 mole) in 5 ml 
methanol was placed in a serum-capped flask immersed in an ice-water 


bath. Base (0.166 g sodium hydroxide, 0.4 ml water and 0.6 ml methanol) 
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was added by means of a syringe. The total weight of an identical 
mixture was found to be 5.415 g. Weighed aliquots of the mixture 

(1.0 ml), were removed at intervals and placed in a serum-capped flask 
together with a known weight of 2,3-dihydropyran as internal standard. 
Each sample was analyzed quantitatively (13) on a 5 ft. x 1/4 in. 
column of 10% Carbowax 1500 on Chromosorb W at 50°. The products were 
identified by comparison of their g.l.c. retention times with those of 
authentic samples. The estimated yields of acetone and acetaldehyde 


decreased with time as shown in the table: 


TIME (minutes) | ACETONE % | ACETALDEHYDE % 
18 88.3 85.4 
52 Rint 85.1 
82 76.4 eal 
112 73.5 75.7 
1120 34.6 16.8 


The quoted yields are based on the hydroperoxide content of the 
starting material. The molar response factors were determined to be 
Z,o-dinyaropyran 100, acetone 9l.6, acetaldehyde 67.0. Thin layer 
chromatography on silica gel GF-254 using benzene as eluent, of a 
mixture of 2,4-dinitrophenylhydrazones obtained from an aliquot of 
the ultimate reaction mixture gave two partially resolved spots. The 


The R, values were equal to those of the 2,4-dinitropheny lhydrazones 


£ 
of acetone and acetaldehyde. 


The ultimate reaction mixture was poured into 200 ml water and 


the mixture was extracted with ether. An aliquot of the dried organic 
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layer analyzed by g.1l.c. on the Carbowax column at 50°, showed that 
ca. 10% of 2,3-epoxy-2-methylbutane (13) had been formed in the 
reaction. 

The remainder of the organic layer was carefully concentrated 
through a 4 ft. Podbielniak column. From the residual oil 13 was 
isolated by trapping it from the effluent of the g.1l.c. column. Its 
n.m.r. and infrared spectra were identical with those of authentic 13 
(23). The major component of the residual oil was eluted from the 
g.l.c. column much later than 13. Its retention time and peak 
characteristics corresponded closely with those of 2-methyl-2,3- 
butanediol (14). In addition a small peak of retention time identical 


with that of 3-bromo-2-methyl-2-butanol (15) (ca. 4%), was observed. 


2,3-Epoxy-2-methylbutane (13): 

Solid 1,3-dibromo-5 ,5-dimethylhydantoin (2) (143 g, 0.05 mole) 
was added in small portions to a stirred mixture of 2-methy1-2-butene 
(1) (7.0 g, 0.1 mole) and 70 ml water, at such a rate that the 
temperature did not exceed 30°. Stirring was continued until all the 
reactants had dissolved and a dense oil had separated. The oil was 
taken up in 50 ml ether and washed four times with 25 ml water. The 
ether solution was dried and evaporated to constant weight to give 
3-bromo-2-methy1-2-butanol (15) (12.7 g, 76%). The crude material 
decomposed on attempted distillation so it was used in an impure state. 
Amixture of, 15 (12.0 g5 71.8 mmole) and 20 ml water was cooled with 
stirring to 0°. Sodium hydroxide (4.0 g, 0.1 mole) in 10 ml water was 
added over a period of 30 minutes. When 15 had completely dissolved 


the solution was extracted once with 20 ml of methylene chloride then 
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twice with 10 ml methylene chloride. The dried extracts were 
fractionated on a Nestor-Faust annular teflon spinning band colum. 
The fraction b.p. 68-69° (699 mm) was collected (1.5 g, 27%), 

ae = 1.3846; reported (23) b.p. 74-78°, oF = le SO90.. 8 Lhe ane 
spectrum (CC1,) showed absorption att J.o2. (quartet, J = 5.5 cipys.) 
Poreine methine proton, «..8./8) (doublet, j= 5,5 c.pss..) for the 
terminal methyl group, and 1 6. /5,and Suc fOr .theuprotons of the 
non-equivalent gem-dimethyl groups. The relative peak areas were 


1.02-5.99, required 1:9. The infrared spectrum showed absorptions. at 


252,805 and 752 cm7! characteristic (35) Of ‘epoxides. 


2-Methy1l-2,3-butanediol (14): 


A mixture of 13 (3.7 g, 43 mmole), 12 ml water and two drops of 


until the sharp odor of 13 had faded. The homogeneous solution was 
then neutralized with 10% aqueous sodium carbonate. The water was 
removed by distillation under reduced pressure and the residue washed 
repeatedly with a total of 100 ml ether. The ether solution was dried 
and concéntrated.. The residual 011 was distilled to give 14 (2.35 g, 
53%) b.p. 63-64° (4.2 mm), né® = 1.4361; reported (36) b.p. 74° (105 mm) 
mae = 1.4363. The infrared spectrum (neat) showed absorptions at 
55505, 1270) and 1100 cmt. The n.m.r. spectrum (CC1,) showed 
absorptions at t 6.03 (broad singlet) due to the hydroxyl protons, 

7 6.514 Guiartem Wii Suc pes) stor theimethine proton 8.92 
(doublet;« J] 6S) cipys Je for ther terminal. methyl) group,, and’ tT) 8438 


and 8.91 (singlets) for the protons of the non-equivalent gem-dimethyl 


groups.« Therelative areas Weree? #o0k 12578 605, Wequired) Zarit 3% 
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2-Bromo-l-phenylethyl Hydroperoxide (16): 

The procedure described for the preparation of the bromohydro- 
peroxide, 3, was used to prepare a crude sample of i6 from redistilled 
suy rene*(1074" 950.1 mole), the hydantoin, 23 (i473 ¢, 0705 mole) and 
98% hydrogen peroxide (17 g, 0.5 mole), in 50 ml ether. The oil 
obtained was freed of residual ether by storing it at 0.5 mm pressure 
Tor cenours,s “The xemainineg oid, 19287e, hadl86% Of the theoretical 
hydroperoxide content by iodometric titration. The overall yield of 


POpwas, thererore, “78>. “Ihe nem.r. spectrum has been described "in 


the results and discussion section. 


Dope ono-1-phenytethanol (17) from 16: 

WesOiutaon-of 164(15°¢) 186% pure; 51.5 mmole) in 100° ml ether 
was stirred vigorously overnight with 13 g (two equivalents) of 
sodium sulfite (11) ee aiied in the minimum of water. At this time 
the organic layer was separated, dried and concentrated under reduced 
pressure at 25°. Distillation of the residual oil yielded 9.2 g, 

87% (based on the hydroperoxide content of 16), of 2-bromo-1- 
phenylethanol (17) b.p. 78-79° (0.3 mn), nee = 1.5763; reported (25) 
Dap e201 25 eC sem) = ne =i 5705 ies aie cid intrared spectra 


were identical with those of an authentic specimen (24,25) of 17. 


Reaction between 2-Bromo-1-phenylethyl Hydroperoxide (16) and Base: 


A solution of sodium hydroxide (4.0 g, 0.1 mole) in 15 ml methanol 
was added to a stirred solution of 16 (20.6 g, 78% pure, 0.074 mole) 
in 100 ml of methanol at 0°. A white precipitate soon began to form. 


After 2 hours at 0°, 200 ml water was added and the resulting mixture 
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was extracted four times with 100 ml pentane. The aqueous layer was 
concentrated to a small volume and made acidic with 6N hydrochloric 
acid. An oil separated which began to crystallize. The mixture was 
extracted with 100 ml ether and the ether was dried. Evaporation of 
the ether left an 011 which crystallized on standing, 4.3 g. The 
solid, recrystallized from methanol, had m.p. and mixture melting point 
with benzoic acid 119-120°. The yield was 45% based on the 
hydroperoxide content of 16. 

The pentane solution was concentrated to a small volume through 
a 4 ft. Podbielniak column. The odor of benzaldehyde was detected 
in the concentrate. Benzaldehyde was isolated as a derivative by 
adding 2 ¢ of 1,2-dianilinoethane (26) in 20 ml methanol to 21% of 
the concentrate. The solution was left at 0° overnight. The crystals 
wuiLen seperated were tiltered to give 0.155 9, 2.9% (based on the 
hydroperoxide content of 16), of 1,2,3-triphenyltetrahydroimidazole, 
m.p. and mixture melting point with authentic (26) material 131-131.5°; 
reported (26) m.p. 137°. 

The remainder of the concentrate was adsorbed on a 1.5 x 30 cm 
column of neutral alumina and eluted with 100 ml pentane then 200 ml 
ether. The eluents were analyzed by g.l.c. on a 9.5 ft. x 1/4 in. 
column of 10% Ucon-50-HB-5100 on Chromosorb W at 158°. The pentane 
eluent contained only styrene, and the ether eluent only benzaldehyde 
and styrene oxide. Further elution of the column with 200 ml ether 
gave no further product. Quantitative (13) g.l.c. analysis of the 
ether eluent using ethyl benzoate as internal standard showed that 4% 


benzaldehyde and 45% styrene oxide (based on the hydroperoxide content 
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of 16) had been formed in the reaction. 

Concentration of 63% of the ether eluent and distillation of the 
mesidual oileyielded 1.34y8,915% of styrene oxide, b.p. 53° (2.8 mn), 
n26 = bye ol reported. (25) .bep. 65. Co Inn), n20 = 1540. bes mer: 
oD Sal 
and infrared spectra of this product were identical with those of an 
authentic sample (24) except for a weak adsorption at 1700 cm7! in the 


inirared. 


2-Bromo-l-phenylethanol (17): 

The method of Buckles and Maurer (24) was used to prepare 17 from 
Styrene. /Redistilled styrene (10.4 g, 0.1 mole) was added with cooling 
to a solution of 1,3-dibromo-5,5-dimethylhydantoin (2) in 100 ml of 
50:50 v/v dioxane-water containing a crystal of p-toluenesulfonic acid. 
The heavy 011 which formed was separated, washed with water and dried. 
The oil was fractionated to yield 17 (8.5 g, 43%) b.p. 95-96° (1.6 mm) 
n =o /42 = repomeedn(25) Dap.) 120-175) (59m)... The n.m.n. Spectrum 
(CCl ,) showed absorption at t 2.82 (singlet) due to the phenyl protons, 
5255 (multiplet) due to the methine proton, 1 16.52, (singlet) due- to 
the hydroxyl proton, and t 6.59-6.79 (multiplet) due to the methylene 
protons. The relative peak areas were 5.0:1.0:1.02:1.93; required 


Re Bae Ra, 


Styrene Oxide; 

A solution of the bromohydrin, 17 (5.0 g, 25 mmole), in 25 ml 
ether was stirred with 1 g sodium hydroxide dissolved in 30 ml water 
at 10°. After one hour the ether layer was separated, washed with 


25 ml water and dried. The solvent was removed through a 4 ft. 
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Foubieiniak column and» the residue fractionated to yreld 1288 @ (61%) 
of styrene oxide, b.p. 61° (4.5 mn) ge =e Oloe reporeea (25) 


Bap. 65° (5: mm), ne = 1.5340. 
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CHAPTER II 


ISOLATION AND PROPERTIES OF 3,3,4- 


TRIMETHYL-1,2-DIOXETANE 


In Chapter I evidence was presented to show that representative 
disubstituted and trisubstituted 8-bromohydroperoxides did not undergo 
the base-promoted conversion to allylic hydroperoxides so 
characteristic (4) of tetrasubstituted 8-halohydroperoxides. Some of 
the results were explicable if substituted 1,2-dioxetanes were formed 
in the primary, step. Iteappeared from the initial experiments with 
5-bromo-2-methyl-2-butyl hydroperoxide (11) that it might be possible 
POvusolate the primary intermediate, (5,5,4-trimethyl-l) 2-dioxetane 


(20), eq. [18]. 


OH 
0” CH. OO. 
. | base ed. 
iol ath scree Can H ao Cris eee a ciear: 
CH, Br CH CH, 
11 . 20 


The isolation of 20 would be important for several reasons: 
1). No authenticated preparation of a 1,2-dioxetane has been 
described inj the literature, 


2). A study of the properties of such a compound would permit a 
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critical examination of earlier reports that such compounds had been 
tsolated, or had occurred as reaction intermediates. 

Oo) PUCIMECOMpPOUNdS "appearrlo pe, the source Of some occurrences of 
chemiluminescence and bioluminescence. 

In this chapter the isolation of 20 as a solution in organic 
solvents is described. The structure of 20 was deduced from its 
Ehemical properties, its spectra, and its facile decomposition to give 
acetone and acetaldehyde. The properties of 20 are discussed in 


oe 


relation to the three points mentioned above. 
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RESULTS 


Rates of Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide (a) 


with Base at 0°: 

The reaction of 11 with base was studied kinetically in order to 
establish the best Conditions for the iselaton. of 20. 

(a) Appearance of Bromide Ion: 

Reaction mixtures were prepared by combining 50 ml of 0.052 M 11, 
in anhydrous methanol, with 7.5 ml of water at 0°. Then, 2.5 ml of 
aqueous 1 M, 2 M or 3 M sodium hydroxide were added. Known fractions 
of the reaction mixture were removed at intervals, quenched with 
aqueous acetic acid and the aqueous extracts, titrated by the Volhard 
Wetiod ster daperaced bromide 10n. sine Tate iconstants forthe second 
order reaction between 11 and base were calculated using the formula 
Pngequation. (1.9 | (57a) . 


In b(a-x) _ 


[19] aa apse 


By plotting the left hand side of equation [19] versus the time, a 
straight line was obtained whose slope gave the rate constant kp. 
Difficulty arose in the kinetic treatment of the reaction mixture 
where 1.0 M sodium hydroxide was used. The actual concentration of 
11 was 0.0449 M while the base concentration was 0.0433 M. Although 
the initial concentrations were different, equation [19] could not be 


used because the logrithmic term did not change appreciably during the 
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reaction. Consequently, use was made of the approximate relationship 


Of equation [20] (37D). 
[20] a 


In this equation the term ''d" is the average initial concentration of 
the reactants. By plotting the left hand side of equation [20] versus 
the time, a straight line was obtained whose slope gave the rate 
constant k,. The data obtained at the three base concentrations are 
given in Tables I, II and III. From these tables it can be seen that 
the average rate constant for the reaction, Koto 1230" x 107° liter 


Lsectt, an exalple vor sone. of the plots, where 10. M sodium 


mole™ 
hydroxide was used, is shown in Figure l. 

In the case where 1.0 M sodium hydroxide was used, iodometric 
Pheration (50) Of. the total peroxide ‘contentswas also performed... The 
mate Os 1OssS) Od tne total, peroxide content was much slower than the 


tate of ‘appearance, of bromide ion as shown in Figure 2. This result 


showed that the primary reaction product was still peroxidic, eq. [21]. 


Isolation of 3,3,4-Trimethyl-1,2-dioxetane (20): 


i 


From the kinetic data it was possible to estimate the time required 


for at least 90% reaction of the bromohydroperoxide 11 with base under 
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TABLE I 


Rate of Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide (11) 


[0.0449 M] at 0° with Sodium Hydroxide [0.0433 M] in 5:1 


Methanol-water. 


time» (sec) 
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x 107° liter mole7+ 
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TABLE II 
Rate of Reaction of 3-Bromo-2-methyl-2-butyl Hy droperoxide Gi) 


[0.0449 M] at 0° with Sodium Hydroxide [0.0866 M] in 5:1 
Methanol-water. 


Ly (graphical) 


time (sec) Borsa See. . a(b-x) liter mole! sec7! 
1140 0.70 x 1074 -0.0376 
2400 {ote 08 -0.071] 
3540 aes akors -0.0975 
5460 aude 0. “0.142 i.39 x i073 
7140 2337 x. 10-7 -0.188 
9600 2.79 x 1074 20252 
11400 2.98 x 1074 -0.291 
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TABLE III 


Rate of Reaction of 3-Bromo-2-methyl-2-butyl Hydroperoxide (11) 
[0.0449 M] at 0° with Sodium Hydroxide [0.130 M] in 5:1 


Methanol-water. 


time (sec) 
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k, (graphical) 
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The reaction between 3-bromo-2-methy1-2-butyl 
hydroperoxide (11) [0.0449 M] and sodium 
hydroxide [0.0433 M] in 5:1 methanol-water at 0°. 
C1, total peroxide; ©, organic bromine. 


4] 


a given set of conditions. For example, in a preparative run, when 
both reactants were present in ca. 1 M concentration, use was made of 
equation [22] (37c), where Colas) tie Initial concentrations ot 


1 
[22] = - = = kot 
Ce Cy 2 


equimolar reactants, in this case 1.0 M, t is the time taken for Cy 

to fall to C,, and ky is the measured second order rate constant. 

For 90% reaction, Ch becomes equal to, 0.1 «Mj giving, astime,~t, of ca. 
110 minutes. Extraction of 20 after this time would only remove small 
amounts of 1l. Most of the long-term reaction products such as acetone, 
eee achyde, 2,3-epoxy-2-methylbutane (13) and 2-methyl-2,3-butanediol 
(14) would be very water soluble and either very volatile (acetone, 
acetaldehyde), or non-volatile (2-methyl-2,3-butanediol). The 
volatility of 20 was expected to be slightly less than that of 

epoxide 13 and therefore, intermediate between the two extremes 
expected for the other reaction mixture components. 

The reaction of 11 with a 10% excess of sodium hydroxide in 90% 
methanol-water at 0° for 110 minutes (both reactants ca. 1 M) gave a 
yellow solution. The mixture was diluted with an equal volume of 
water and extracted once with an equal volume of carbon tetrachloride 
or benzene. The n.m.r. spectrum of the resulting yellow extract 
showed that 11 had largely reacted. The n.m.r. spectra of the 
starting material 11 and of an extract obtained after only 45 minutes 
reaction of 11 with base are shown in Figures 3a and 3b, respectively. 


The solution of crude 20 obtained by extraction after 110 minutes 
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Figure 3a. 
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Figure: 3d. 
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Nuclear magnetic resonance spectrum of 3-bromo-2-methy1-2- 


butyl hydroperoxide (11) in carbon tetrachloride. 


Nuclear magnetic resonance spectrum of a carbon tetrachloride 
extract from the mixture obtained by reacting 3-bromo-2- 
methy1-2-butyl hydroperoxide (11) [ca. 1.0 M] with sodium 
hydroxide [ca. 1.0 M] in 90% methanol-water for 45 minutes 


at One, 


Nuclear magnetic resonance spectrum of a solution of 


3,3,4-trimethyl-1,2-dioxetane (20) in carbon tetrachloride. 


Nuclear magnetic resonance spectrum of a solution of 


2,3-epoxy-2-methylbutane (13) in carbon tetrachloride. 
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reaction was purified and concentrated by two bulb-to-bulb distillations. 
The n.m.r. spectrum (CCl) of the concentrate, given 1m Figure 3c, 

shows the features expected for 20. The spectrum showed peaks at t 4.80 
Homartet® .J@=.615%crp.s.,) due to the methine proton, Tr stol (singlet) 
and t 8.56 (singlet) due to the non-equivalent gem-dimethyl groups, 

and t 8.68 (doublet, J = 6.5 c.p.s.) of the other methyl group of 20. 
The relative peak aréas were 1.00:10.17. For comparison purposes, the 
fen. 2. Spectrum (CCl) of 2,3-epoxy-2-methylbutane (13) is included 

in Figure 3d. 

The solutions of 20 so obtained were always yellow in color, and 
the n.m.r. spectra always showed trace absorptions in the region 
tT 8.75-9.0. The observed peak area-ratio was only slightly greater 
inanethe expected ratio of 1:9 so. that) impurities would be unlikely 
tointerfere with subsequent experiments. The infrared spectrum (CC1,) 
of 20, showed no absorption due to hydroxyl or carbonyl groups. The 
important bands were at 1370 and 1360 cm7!, due to the gem-dimethyl 
groups; 1202 and 1156 cm7!, attributable to C-O stretching bands; and 
886 cm! which may be due to the O-O stretching frequency. 

The yield of 3,3,4-trimethyl-1,2-dioxetane (20) was estimated by 
iodometric titration to be 7-12% in a number of preparations of 
purified concentrate. An attempt to separate 20 from unreacted 11, 
by chromatography of the carbon tetrachloride solution on neutral 


alumina, resulted in the solvent boiling on the column. 


Reduction of 3,3,4-Trimethyl-1,2-dioxetane (20): 


Several attempts were made to reduce the 1,2-dioxetane 20 to the 


corresponding glycol, 2-methy1l-2,3-butanediol (14), using a variety 
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of methods. 
a) Hydrogenation 
It was anticipated that hydrogenation of 20 would lead to the 


gaycol 14 eq.+[ 23}. 


On 40 HO OH 
Vea, H5, Pd. ae 
[23] CH, -¢€-C-H ces ae CH,-C-C-H 
| | | | 
CHz CH CH, CH, 
20 14 


A solution of 20 in carbon tetrachloride slowly took up hydrogen 
at one atmosphere pressure when stirred with palladium-on-charcoal. 
When the slow uptake of hydrogen had ceased the mixture was filtered 
ends concentrated, Only a trace of residue remained. The n.m.r. 
spectrum of the residue did not resemble that of authentic 14, and 
was unexpectedly complex. As described below, a later experiment 
showed that palladium-on-charcoal catalyzes the decomposition of 20. 

When a solution of 20 in carbon tetrachloride was allowed to 
stand overnight at 0° in the presence of palladium-on-charcoal, 
complete decomposition occurred. Nim.ts analysis Of the wesurtiie 
solution showed that acetone and acetaldehyde were the only reaction 
products. A crude estimate of the rate of catalyzed decomposition 
was obtained from a second experiment. When 0.5 ml of ca. 0.1 M 20 
in carbon tetrachloride was shaken at room temperature with 2 mg of 
palladium-on-charcoal in a sealed tube, the rate of decomposition of 
20 was increased by some five times over the rate of thermal 


decomposition at room temperature. The rate of decomposition ._ 
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was assessed, assuming first order kinetics, from the n.m.r. spectrum 
which showed that ca. 15% of the peroxide had decomposed within 45 


minutes. The reaction is summarized in equation [24]. 


b) Reduction with Sodium Sulfite 

It is well known that peroxides and hydroperoxides can often be 
reduced with neutral aqueous Sodium Sulfite (11). Since the reaction 
conditions are very mild it was decided to attempt the reduction of 20 
by this method. 

A solution of 20 in carbon tetrachloride was reduced by stirring 
with an equimolar quantity of sodium sulfite dissolved in an equal 
volume of water at 0°. The aqueous layer became progressively alkaline 
so 10% aqueous hydrochloric acid was added at intervals to maintain a 
pH of 7-9. When all the peroxide had been consumed the organic layer 
was separated. The infrared and n.m.r. spectra of the organic layer 
were identical with those of an authentic specimen of 2,3-epoxy-2- 
methylbutane (13). 

The aqueous layer was treated with hydrochloric acid and barium 
chloride to give rotorack i sulfate in 70% yield (based on the peroxide 
content of the initial solution of 20). The reaction is summarized 


by equation [25]. 
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O20 Or oe soe 
len 4k 0-7 edu : 
[25] Lae i : ~-CH, Jie H-C-C - CH, 
| | 
CH Ci CHz CH, 
20 
0 
HN 
——> (H3-C-C-H + s0,® 
| | 
CH; CH, 
ite 


c) Reduction with Acidified Potassium Iodide. 

The reduction of peroxidic compounds with acidified potassium 
iodide is a general reaction which leads to the formation of alcohols 
(30). The 1 ,2-dioxetane, 20, reacted rapidly with this reagent but 
isolation of small amounts of a glycol from a partially aqueous 
reaction Mixture promiséd to be a ditiicult operation. . 

A solution of 20 in carbon tetrachloride was allowed to react 
for 15 minutes at room temperature with potassium iodide in aqueous 
acetic, acid. Ihe resultins muxture: was freed Of LOdIne ty. tit pation 
with aqueous sodium thiosulfate and then neutralized by adding solid 
sodium carbonate. The slurry obtained was shaken for one hour with 
each of four 25 ml portions of ether. The ether extracts were 
combined by decantation from the slurry and then dried. The ether 
pyeiaialle vende removed by repeated evaporation of the extracts with 
added carbon tetrachloride. eR weight of toluene was then added 
to the residue as internal standard and the n.m.r. spectrum (CC1,) 
recorded. The n.m.r. spectrum was identical with that of an authentic 


sample of the glycol 14. The yield of 14, 50%, was estimated by 
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integrating the methyl groups of toluene and the glycol, and relating 


the area-ratio to the known weight of the added toluene. 


Thermal Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20) 

In Chapter I, evidence was presented to suggest that 20 and other 
1,2-dioxetanes should undergo facile decomposition to give carbonyl 
eolpounds .” Tomelarisyethen ia teracure,. ofthis point it was decided to 
make a study of the decomposition of 20 in carbon tetrachloride 
solution, 

Solutions of 20 in carbon tetrachloride, were decomposed in 
Sealed nim. rei tubes) by heatingtat. 60° "for 12° hourse? ‘During 
decomposition, all the peaks due to 20 disappeared and new absorption 
appearediatod On 20s(quartet, J = 12. 9¢c lp. sh) Pduertotthet aldehydic 
proton of deena iiokyiel 147.824 (Coubleg, tJ V=n2 [ON esp.s? ) dues tor the 
nethybogrouphot ‘acetaldehyde, vand 177/88 (singlet) °due to the methyl 
GeoupsmOreacetonen! Ihe relative peak areas were 1.078.686; required 
12,0;9,0.  ‘Thesspectrum was matehed by that of a synthetic, equimolar 
mixture of acetone and acetaldehyde. 

In order to measure the yield of cleavage products in the reaction, 
the experiment was repeated with benzene added as internal standard. 
Under these conditions the methyl group absorptions of the products 
were not resolved. From the relative peak areas of the methyl group 
absorption of 20 and benzene before decomposition, and *the*relative 
peak areas of the methyl group absorption (acetone and acetaldehyde) 
and benzene aheds decomposition, the product balance was found to be 
93%. G.l.c. analysis confirmed the presence of acetone and 


acetaldehyde. This result establishes the empirical formula of 20 
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as being CoH 3° 


Rates of Thermal Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20): 
a ne ak LE ths Sane a ea ea Pe aA GE, A A aaa 
Solutions of 20 in carbon tetrachloride were decomposed by 
heating in a thermostatted bath. After at least 15 minutes immersion 
the clock was started. At suitable time intervals samples were 
withdrawn by pipette, quickly weighed, and estimated for peroxide 
content by iodometric titration. A small residual titer was observed 
at the completion of each run which was due to impurities and the 
blank titration. Each titer was corrected for constant weight of 
sample and for the residual titer. In a trial experiment using 
3-bromo-2-methyl-2-butyl hydroperoxide (11), added acetone had no 
Srrecttonpthie peroxide; titer. the reactionpexhibited first order 
Kinetlesmduring 2-35 half-lives. The rate constants tor the first order 


decomposition of 20 were estimated graphically using the formula of 


equation [26] (37d). 
; aXe 
[26 ] Sin See et 


By plotting the left side of equation [26] versus the time, a straight 
line was obtained whose slope gave the rate constant Kae An example 

of the data obtained for decomposition of 20 at 50.2°, is shown in 

Table IV. First order plots of the data obtained at four temperatures, 
A0%2°. 5062", 55.23° and 60.8° are shown in Figure 4. “Ihe rate constants; 
ky, obtained from these graphs are given in Table V. Only one 
decomposition was studied at each temperature because the solutions 

of 20 used, were known to be impure. For this reason further 


experimentation and/or a sophisticated treatment of the data was felt 
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TABLE IV 
Rate of Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (ZO) Oe O7 inl 


in Carbon Tetrachloride at 50.2°. 


ea Lip 
time (seconds) [20] a 
-1000 0.0700 m : 2 
0 0.0578 m 1.0 0 
1620 0.0434 m Orgs? 0.285 
3800 0.0301 m 0.520 0.654 
7140 0.0185 m 0.319 Thiet 
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TABLE V 


Thermal Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20). 


Rate Constant 


Solvent Analysis Temperature sec7] 
Carbon tetrachloride Titrimetric 60.8° AnGs 0 a 
Carbon tetrachloride Titrimetric Sem 2.69 x 1077 
Carbon tetrachloride | Titrimetric ae 1.66 x 1074 
Carbon eceactiteade Titvimetric 40.2° AAD Ome 
Carbon tetrachloride Nema Om mer) oe Ke 


Carbon tetrachloride Estimated 36° Dehn, ea 
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55 
to be unwarranted. 


From the rate data of Table V and equation [27] (37e) 


Ea 


L227) NOS NG Og 
DR AUI ag RiL 

the activation energy, Eg, and the frequency factor, A, were determined 
GO.DE. 22. 9.kcal mole? , and 2.3 x 10714 sec7t, ECSPeclhively \(hagurer 5). 


The enthalpy of activation, AH" , was calculated from equation [28] (38) 


Gorbe 22.5 keal mole at 50°. 
[28] AV Sets ORT 


ihesentropy of activation, AS', was calculated from equation [291 (Ssi- 


[29 } ela log k 


y 7 10-753 - log T + 
4.576 


ob ee 
ABS] Oak 
Using either of the rate constants obtained at 40.2° and 60.8°, the 
entropy 01 activation for the reaction was found to be /*e.u, 

The thermal decomposition of 20 in carbon tetrachloride was also 
studied by n.m.r. spectroscopy using benzene as internal standard. 
A solution of 20 in carbon tetrachloride was allowed to decompose in 
an. Nemers—tube- which was-held-in, the-probe.of the. n.m.7. spectrometer. 
The spectral changes which occurred are shown in Figure 6. The rate 
of reaction was measured by studying the increase in methyl group 
absorption of the products relative to that of added benzene. The 
result, given in Table V is in agreement with the extrapolated 


titrimetric rate. 
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The activation energy for the thermal decomposition of 
3,5,4-trimethyl-1,2-dioxetane in carbon tetrachloride. 
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Figure 6. Nuclear magnetic resonance spectra obtained during the thermal 
decomposition of 3,3,4-trimethyl-1,2-dioxetane (20) in carbon 
tetrachloride solution with benzene as internal standard. 
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dioxetane (20): 

A proposal has recently been made in which it is suggested that 
the thermal decomposition of four-membered cyclic peroxides should be 
accompanied by the emission of light (39). The suggestion, based on 
orbital symmetry arguments, was made to account for many instances of 
chemiluminescence and bioluminescence (39) because 1,2-dioxetanes were 
thought to be involved in these processes. Having obtained 20, the 
first such compound to be isolated, it was decided to test this 
interesting postulate. 

In agreement with this postulate a faint bluish luminescence was 
observed when a benzene solution of 20 was heated above 70° in the 
dark. Crude emission spectra were obtained by decomposing benzene 
solutions of 20 at 60° in a water-jacketed, 10 cm polarimeter tube 
fitted with a quartz window. The spectra were scanned manually using 
a Bausch and Lomb 500 mm monochrometer in conjunction with an R.C.A. 
IePZS i phoLomultipixver tube. The emission intensity was corrected for 
photomultiplier response in accord with the manufacturer's specifications. 
Each spectrum was recorded at 10 mu intervals, and appeared as a series 
of steps on the recorder chart paper. The position of the maximum 
appeared to shift during a run so spectra were recorded as rapidly as 
possible. Spectra were obtained using benzene solutions containing 20 
at 0.21 M, 0.021 M and 0.0021 M concentration. The spectra obtained 
using 0.21 M and 0.021 M solutions of 20 are shown in Figure 7. 

McCapra has predicted (39) that the carbonyl compounds produced 


in the decomposition of 20 should be in singlet electronic states with 
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Figure 7. Luminescence Spectra of 3,3,4-Trimethyl-1,2-dioxetane (20), 
Decomposition at 60°. ie 
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(The two curves are not on the same scale). 
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one of the fragments in an excited state. If this were the case it 
Should be possible to perform many of the photochemical reactions of 
carbonyl compounds. 

Apart from those photochemical reactions where the initially 
excited species is directly involved, there are a large number of 
reactions in which energy is transferred from the initially excited 
molecule to a second substance which then undergoes a subsequent 
reaction. If it could be shown that the excited carbonyl compound 
generated during the decomposition of 20 was capable of transferring 
its energy to a suitable acceptor, then it would follow that 20 could 
be used. as a Source of energy in a.wide-variety, of photochemical 
reactions. As described below, it was possible to demonstrate that 
enerovetransier occurred «rom both the excited singlet and triplet 
State of one of the carbonyl compounds produced during the thermal 
decomposition of 20. 

Molonigicant Ly increased antensities endachanges in the color of 
the luminescence were observed during the decomposition of 20 containing 
added anthracene (violet), pyrene (turquoise) or napthacene (green). 
The same colors were produced when benzene solutions of these added 
compounds were irradiated with ultraviolet light. These results show 
that the excited carbonyl fragments from the decomposition of 20 are 
produced in singlet states. If the excited molecules produced were 
in triplet states, no energy transfer would be possible because the 
triplets would be quenched by the oxygen of the air dissolved in the 
solution (40). Intense green emission was also observed when a 


degassed benzene solution of 20 was decomposed in the presence of 
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biacetyl. A degassed solution 0.104 M in 20 7and 0.22 Mim biacety1 
contained in a sealed tube was heated to 70° by immersion in a hot 
water bath. The brilliant green glow which resulted was very much 
brighter than that of a similar sample lacking biacetyl. In a further 
experiment 0,002 M biacetyl was used and again the green glow was much 
brighter than that of a sample lacking biacetyl. During 
chemiluminescence all the solutions appeared to be turbid, which gave 
a whitish appearance to the colors, but in reality the solutions were 
peniectly sree Of suspended matter. 

he inereased ntensitiessopserved in the enerey transter 
experiments were not due to induced decomposition of 20 by the 
Guenching acent.. For example,) the first)order rate constant ; Kye £or 
decomposition of 20 (0.22 M in benzene) is 5.5 x 10°* sec7! at 60.3°. 
‘In the presence of 0.2 M biacetyl the rate is still first order and 


i113 & 10°" sect. Although a two-fold increase in rate was 


d 
observed during the decomposition of 20 in the presence of 0.2 M 
biacetyl, the vastly increased brightness of the luminescence under 
these conditions was obviously. not due to the rate increase alone. In 
a trial experiment using 3-bromo-2-methyl-2-butyl hydroperoxide, added 


biacetyl had little effect on the analytical procedure for peroxide 


estimation other than making the use of starch indicator imperative. 
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DISCUSSION 


The base-promoted cyclization of 3-bromo-2-methyl-2-butyl 
hydroperoxide (11) to give 3,3,4-trimethyl-1,2-dioxetane (ZA0gE ts 
entirely analogous to the formation of epoxides in the base-promoted 
reactions of 6-halohydrins (41). However, this result is in sharp 
contrast to the base-promoted reaction of 3-bromo-2,3-dimethyl-2- 
butyl hydroperoxide (18) (4), which gives a quantitative yield of 
the allylic hydroperoxide (19) eq. [14]. This contrast in behavior 
is discussed in Chapter IV. 

The 1,2-dioxetane, 20, is probably the first compound of this 
class ever to be isolated. The facile thermal decomposition of 20 
to give acetone and acetaldehyde in essentially quantitative yield, 
establishes the empirical formula as C,H, 0,. The volatility of 20 
is more in keeping with the monomeric structure 20 rather than the 


dimeric structure 21. 


eee 
cree vt CH, 
a SS 
H | CH 
Cie 
eto 
21 


A molecular weight determination would have settled this question if 


20 had been isolated in a pure state. A monomeric structure was 
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established for 3,3,4,4-tetramethyl-1,2-dioxetane (42) descr ipedyin 
Chapter IV, which was isolated in the solid state. This latter 
compound was volatile and possessed similar properties to those of 20. 
The reduction of 20 with potassium iodide in acetic acid solution 
to give 2-methyl-2,3-butanediol Gl4) -iseconsis tent wi th) e1thema 
monomeric or dimeric structure, but the reduction of 20 by sodium 
sulfite to 2-methyl-2,3-epoxy-butane (13)e is Dest explained) an’ terms 


Or aimononeric structure eq. [30]. 


0==0 8 oso," 
(ne; oo y 4 
[30] CH - 2 SAGE gt et ACH : ; - CH, 

nc Cac 

20 0 

i ie : 

> CH, - ‘ - CH, + SO, 
bes CHE 
13 


The reaction between 8-hydroxy sulphates and base is known to give 
epoxides +(42)°. 

The enhanced rate of decomposition of 20 in the presence of 
palladium-on-charcoal suggests that catalyzed decomposition of 20 may 
also have taken place in the attempted reduction of 20 with hydrogen 
and palladium-on-charcoal. As discussed below such decompositions 
are normally expected to be thermally forbidden but it has been 
suggested (43,44) that noble metal catalysts are able to provide lower 
energy pathways for forbidden decompositions and rearrangement 


reactions. 
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The n.m.r. and infrared spectra’ of 20 show the absence of olefinic 
or hydroxyl absorption and are entirely consistent with the proposed 
structure. The low field absorption of the methine proton of 20 at 
t 4.80 in the n.m.r. spectrum, is due to the deshielding effect of 
the oxygen atoms in the ring. An estimate can be made of the position 
of absorption of this methine proton in the n.m.r. spectrum. Cyclobutane 
exiabits a Single»resonance line in the nim.r= spectrum at 178-04 (45); 
but the protons of oxetane appear at lower field. The a-protons of 
oxetane appear at t 5.27 while the 8-protons are less deshielded by the 
ey ell atom Of the ring and appear at 1+ 7.28 (46). ‘The protons of the 
hypothetical heterocycle, 1,2-dioxetane, would be both a and 8 to oxygen 
atoms and would be expected to be deshielded by both oxygen atoms. 
Compared to cyclobutane the hydrogen atoms of 1,2~-dioxetane would be 
Pease by an amount equal to the sum of the deshielding observed 
for the a- and 8-protons of oxetane. Consequently, the protons of 
1,2-dioxetane should absorb at 1 8.04 - t (8.04-5.27) - t (8.04-7.28) = 
oes ne Cie case of 20 the methine proton would also be deshielded 
by the adjacent methyl group (-0.4 p.p.m.) (47) and shielded by the 
two methyl groups on the 6-carbon (+0.2 p.p.m.) (47), so that the 
position of resonance of the methine proton of 20 should be at t 4.51 - 
0.4 + 0.2 =t 4.31. This value is at lower field than the observed 
value of t 4.80, but serves to illustrate that the low-field 


absorption of the methine proton in 20 is by no means anomalous. 
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Mechanism of Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20)ic 

Se Rr Re ep se sp 
In principle, the decomposition of 20 can proceed by a two-step 

mechanism involving initial homolytic cleavage of the oxygen-oxygen 


bond eq. [31], or by a one-step concerted pathway eq. [32] 


tie cle - 


The activation energies observed for the thermal decomposition of 
dialkyl peroxides are usually in the range 32-37.5 kcal mole~1 (48). 
The lower activation energy, 22.9 kcal dike. observed during the 
decomposition of 20, is compatible with a two-step mechanism involving 
homolytic cleavage of the oxygen-oxygen bond because the ring strain 
and torsional strain incorporated in 20 would tend to reduce the normal 
activation energy for oxygen-oxygen bond cleavage. The torsional 
strain in 20 arises from the cis-rotation barrier of hydrogen peroxide 
which was incorporated into 20 during its formation. The cis-rotation 


barrier of hydrogen peroxide has recently been found to be7 kcal mole! 


(49). 
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If the decomposition of 20 were to occur by a one-step concerted 
pathway then the activation energy for this process would have to be 


less than the Cale Ope k Cail mole7 + 


(48) observed for dialkyl peroxide 
decomposition, otherwise a two-step mechanism would be followed. 

The entropy of activation for the decomposition of 20 was 
found to be 7 e.u. Such a value implies (38f) that little change 
in degree of freedom occurs in proceeding from 20 to the transition 
State, and is consistent with either of the two mechanisms for 
decomposition. As discussed later, the energy liberated during the 
decomposition of 20 is only sufficient to produce one excited carbonyl 
compound. The production of the excited species appears to be an 
Siri Clcit  Drocess..— SO lt, would=be surprisine® ii alt thevexcessmencroy, 
were incorporated into one carbonyl fragment during a two-step 
decomposition of 20. Consequently, it seems most probable that the 
decomposition of. 20 proceeds by a one-step, concerted reaction. 

McCapra (39) has recently suggested that if the thermal 
decomposition of four-membered cyclic peroxides is a concerted reaction 
then one of the carbonyl fragments should be formed in an excited 
Sangiet Ee However, re-examination of his theory reveals that 
both carbonyl fragments should be formed in excited singlet states or 
that one fragment should be doubly excited. McCapra's argument is an 
extension of the theory of cycloaddition reactions as developed by 
Hoffmann and Woodward (50). In McCapra's theory (39), the orbital 
symmetry arguments originally developed to explain cycloaddition 
reactions (50) are used in reverse (51) to predict the outcome of 


cyclodecomposition reactions. This treatment (395))Tisspest 
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65 
understood with regard to the cyclodecomposition of cyclobutane, where 
it is assumed that the oxygen orbitals of 20 are equivalent to the 
carbon orbitals of cyclobutane for the purposes of developing symmetry 
arguments. 

The procedure consists in the construction of correlation diagrams 
for the molecular orbitals involved in reaction and classifying the 
levels with respect to those symmetry elements which are retained 
throughout the reaction (50). The geometry of departure of the two 
ethylene molecules was assumed to be suprafacial-suprafacial in the 
Original treatment (50,51), but other arrangements such as suprafacial- 
antarafacial, and antarafacial-antarafacial can be envisaged (52). 

In the case of the suprafacial-suprafacial decomposition (Figure 8), 
the cyclobutane molecule 1s -assumed to:be planar.’ The form of the 
molecular orbitals projected upon theplane passing through the four 
carbon atoms of cyclobutane and of the products of decomposition is 
aisonsnovwn in) Figure, s.” The orbitals are aaeederea as symmetric (S) 
or antisymmetric (A) with respect to a,, a planes Drsectimgethe 
cyclobutane molecule in a vertical direction, and o,, a plane bisecting 
the cyclobutane molecule in the horizontal direction. The lower 
diagram of Figure 8 shows the four reactant o levels and the four 
corresponding a levels of the products. From Figure 8 it can be seen 
that the o SS oribtal passes into the bonding m SS orbital, while o AS 
passes into the antibonding m AS orbital, thus it may be concluded 
that the suprafacial-suprafacial decomposition of a cyclobutane 


molecule would give rise to the formation of one ground state ethylene 
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Figure 8. 


The Suprafacial-Suprafacial Decomposition of 
Cyclobutane. 


i = 


66 


67 


and one doubly excited molecule. Woodward has pointed out 
(S1) that such a process would require a large input of energy and is 
iitikely to occur. 

For the case of suprafacial-antarafacial decomposition the 
geometries of the reactant and products are shown in Figure 9. 
Throughout this mode of decomposition symmetry is maintained with 
respect toa C, axis passing through the midpoints of the two o ponds 
which are retained in the products. Figure 9 also shows the form of 
the molecular orbitals of the reactant and products classified with 
respect to rotational symmetry about the C, axis. From this diagram 
Pipcal be Seen that the reactant o level's do not correlate with the 
m Orbitals of the products. Consequently; no conclusion can be drawn 
Tegarding the fate of the ethylene molecules during the suprafacial- 
antarafacial decomposition of cyclobutane. 

Figure 10 shows a similar treatment for the case of antarafacial- 
antarafacial decomposition of cyclobutane, Decomposition via this mode 
should either lead to two electronically-excited ethylene molecules, or 
give one doubly excited molecule and one non-excited. If it assumed 
that the orbitals on the oxygen atoms of 20 have the same symmetries 
as the carbon orbitals of cyclobutane, then it follows that the thermal 
decomposition should lead to the formation of either two singly excited 
carbonyl fragments, or one doubly excited fragment and one non-excited. 

Some assessment eee made of the energy liberated in such 
reactions, by calculating the heats of formation of reactants and 
products using the additivity of group properties (55). According to 


this concept every molecule is composed of irreducible groups each of 
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The Suprafacial-Antarafacial Decomposition of 


Cyclobutane 


Figure 9. 
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Figure 10. The Antarafacial-Antarafacial Decomposition of 
Cyclobutane. 
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which makes a contribution to the thermodynamic parameters of the 
molecule. For example, compound 20 contains three methyl groups which 
each consist of one carbon atom bonded to three hydrogen atoms and 
also to another carbon atom. Of these second carbon atoms two are 
bonded to an oxygen atom and three carbon atoms while the third is 
bonded to an oxygen atom, a hydrogen atom and two carbon atoms. In 
turn, each of the oxygen atoms is bound to another oxygen atom and a 
carbon atom. Each of these arrangements constitutes an irreducible 


group. Using the nomenclature of Benson (53), compound 20 is 


composed of the groups: 
3[C - (H)z(C)], [C - (O)(C)z], 2[0 - (O)(C)] and 
[c - (0) (C),(H)]. 


By using the contributions for eae groups, making due allowance for 
ring-strain and applying a correction for the cis relation of two of 
the methyl groups, the thermodynamic parameters of 20 can be calculated. 
Since the ring-strain contribution for 1,2-dioxetanes is unknown an 
estimate of its value was made. The ring-strain contributions of 
cyclobutane and oxetane are 26.2 and 25.7 kcal mole?, respectively. 

The close similarity of these values suggest that the replacement of a 


methylene group by an oxygen atom makes little contribution to the 
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value of the ring strain correction. Consequently, the ring strain 
contribution of a 1,2-dioxetane ring is to a first approximation the 
same as that of oxetane. However, the 1,2-dioxetane ring incorporates 
the cis-rotation barrier of hydrogen peroxide, 7 kcal mole” (49) 
which must be added to the normal ring strain to give an estimated 
Pine Strain .contributiony ofes2.7 keal mole-! for the 1, 2-dioxetane 
ring. . 

The enthalpy change occurring during the decomposition of 20 to 
give ground state products, is given by equation [33]. 


Oe NE (reaction) = Ait. (products) “= | /AH° (reactants) 
| 298 F598 £298 


For the reactant (20),the heat of formation is given by: 


> 
oo 
° 
It 


O20 See OO0EeD (ete a= 0G 


feo /merinew correction) tl.0 (crs correction) 


-19.14 keal mole. 


ihe <is-correction, 1.0 keal molew!, has been added as an estimate of 
the strain introduced into 20 by the presence of two cis-related methyl 
groups (53). For the products, acetone and acetaldehyde, the 

combined heat of formation is -51.7 - 39.7 = -91.4 kcal mole7 1 S35)". 
The enthalpy change in the reaction fe therefore ca. -72 kcal mole, 
Subtracting this value from the activation energy for the decomposition 
Gf (20; 122-9 kcal mole7t, shows that ca. 95 kcal mole~! is available 

to the products. The amount of energy is sufficient to give one n,t 
excited singlet carbonyl compound but not a 1,1 State or two excited 


: -1 
molecules. The n,1 state of acetone, for example, 1s Boat kcal mole 
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above the ground state (54), while the m,m* state is at least 146 
kcal mole7! above the grounma state (55). "Clearly, nei ther=the 
suprafacial-suprafacial, nor the antarafacial-antarafacial modes of 
decomposition can be operating during the decomposition of 20 because 
they would lead to double excitation. The possibility that two triplet 
state molecules are formed during the decomposition can also be 
mrscounced because thes=min triplet state of “acetone, “for exempre, 


1 above the ground state (54). 


TieSat 79-82 kcal+mole™ 
A possible mode of decomposition of 20 which gives only one 
excited carponyil fragment 1S "0ne in which they potential—enersy “surtace 
for suprafacial-suprafacial or antarafacial-antarafacial decomposition 


crosses with another surface from which decomposition occurs to give 


y one excited fragment. Such a mode of decomposition 


Potential Energy 


Reaction Coordinate 


Crossing of states during the thermal decomposition 


Proures lly, 
of 3,3,4-trimethyl-1,2-dioxetane (20). 
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would allow a lower energy pathway to be followed. A similar 
Suggestion has been made to explain why the low-energy excited singlet 
state of butadiene is converted to ground state cyclobutene without 
having to pass through the high-energy excited singlet state of 
cyclobutene. (56). (Also see footnote on page 94.) 

One other possibility exists which might account for the 
formation of only one excited carbonyl fragment from the decomposition 
of 20, and that is, that the n-orbitals on the oxygen atoms of 20 have 
some, as yet unknown, unfluence on the course of the decomposition. 

Thermochemical calculations (53) can also be applied to estimate 
the enthalpy change during the decomposition of cyclobutane. Using 
the data of Benson (53) the enthalpy change in the reaction at 0° is 


given by: 


AH Sex ANY (ethylene) - AH? (cyclobutane) 


(eo) 
298 298 £598 


ZERUA 2S 0s 


1627 Keal feiestt 


However, the decomposition only proceeds rapidly at 730°K, so that it 


a5 necessaryuto estimate AH 0 fOr stie TeaceLon. 


The molar heat capacity, Cy of cyclobutane at 298°K is 17.3 gibbs 
mole7! , and that storeetnylene 1055 e1bps mole-?. Thus, the change in 
heat capacity for the reaction at 298°K is 2 x 10.3 - 17.3 = +3.3 gibbs 

a ilable at higl 
mole . Heat capacity data for cyclobutane is not available at higher 
temperatures so the value at 730°K was estimated using group additivity 
data and making linear interpolations between the known values to 


obtain the group Cy values at e750 K (53): 
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ae (cyclobutane) = 4 C_[C-(C),(H),] + Ring correction 
P7309 P ee 
SA WOHAT | os: 2615 


250. sO DDS mole7t, 


For ethylene ,; Cy data at high temperatures was available from which 


° 


G 

WS 

EIGULES , ae for the decomposition of cyclobutane was estimated 
730 

Gone 2°X, 18,872 139.75 ="=2.15 eibbs mole71, Thus, the average value 


was found by interpolation to be 18.8 gibbs mole7!, From these 


of a over the range 298-730°K was 4(3.3-2.13) = 0.59 gibbs mole™!. 


The heat of reaction at 730°K was then estimated using equation [34] (53). 


34 AH® = 
led LO 
= Are. 7 + 058 x 4532/1000 


+ 18.96 kcal mole7!. 


SuUDLmACtINe sthis loure, trom the activation energy. /62.5nkcal mole72, 


for the reaction (53), the net energy available to the products is only 
ca. 44 kcal mole!. This energy 1s ansufficient: to cave manvexcuted 
ethylene molecule. The 1,7* state of ethylene is 133 kcal mole 
above. thencnound state C57). 

In similar fashion the enthalpy change during the decomposition 
of oxetane at 430° is estimated to be +19.75 kcal mole), Subtracting 
this value from the activation energy for decomposition at 430°, 60.0 
kcal mole7! (S53), Leaves ca..40 kcal mole”? available to the products. 


Again, this energy is insufficient to give either excited ethylene, 


133 kcal mole7] (57), or excited formaldehyde, 81 kcal mole7! (58). 
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The results of these latter calculations are not unexpected since 
the products of the decomposition of €is- and URED Genie arpusy eile 
butane are best explained in terms of a two-step reaction involving a 
biradical intermediate, rather than a concerted one-step reaction (59). 
For example the recovery of some trans-1,2-dimethylcyclobutane from 
the partial decomposition of cis-1,2-dimethylcyclobutane, indicates 
that biradical formation can be followed by rotation and recyclization, 


Gro (59). 
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The Role of Four-membered Cyclic Peroxides in Chemiluminescence and 
Bioluminescence: 

The luminescence observed during the decomposition of 20 certainly 
confirms the suggestion (39) that four-membered cyclic peroxides are 
responsible for many instances of chemiluminescence and bioluminescence. 
The luminescence wavelength maximum is at 430-440 mu when 20 is 
decomposed in benzene at 60° (Figure 7). The shift in position of the 
maximum with time is probably due to a concentration effect (54,60). 

The excited singlet state of acetone lies between 83 and 87 kcal 
mole7+ above the ground state (54) and that of acetaldehyde must have 


a similar energy. The shortest wavelength emission in the luminescence 
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spectrum of decomposing 20, at ca. 340 mi, corresponds to an energy 
loss of 84 kcal mole™! which is very sclose to) the .enerey ,of exerted 
Singlet acetone (54). 

Comparison of the position of the maxima with the positions of 
the fluorescence wavelength maxima of acetone (54,60) and acetaldehyde 
(61) also make it apparent that one of these compounds is produced in 
the excited singlet state upon decomposition of 20. Two types of 
fluorescence (60) are observed from acetone: monomer emission with 
wavelength maximum at 345 mu (60), which is observed at low 
concentrations and excimer emission with wavelength maximum reported 
at 405 €60), eandv415 mi s(S4) vat-higher ‘concent rations (0202 sand 50. 20M, 
respectively) in hexane at 25°. The fluorescence wavelength maximum 
of acetaldehyde as at about 420 my (61), and itis likely that the 
position of its maximum is also concentration dependent. Short 
wavelength emission from a monomeric excited carbonyl compound (60) is 
not expected from the decomposition of 20 at any initial concentration, 
because the excited carbonyl compound is necessarily formed together 
with another carbonyl compound in the same solvent cage. 

The position of the 0 + O band of neither acetone (54) nor 
acetaldehyde (61) is known so that it is not yet possible to decide 
which of these compounds is produced in the excited state during the 
decomposition of 20. 

Further evidence that the luminescence observed in the 
decomposition of 20 is due to the formation of »arr fexcatedesanglet 
carbonyl compound comes from the results of energy transfer experiments. 


Energy transfer to biacetyl from the excited singlet state of acetone 
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becomes very inefficient below 0.01 M biacetyl concentration (o2)*, 
Under these conditions intersystem crossing to the excited triplet 
state of acetone can occur and energy transfer to biacetyl is again 
possible even at much lower concentrations of biacetyl (62). Thus 
strong emission was observed in the decomposition of 20in, the 
presence of 0.2 M biacetyl (which could be due to energy transfer 
from either excited Singlet or triplet carbonyl compound) and also in 
the presence of 0.002 M biacetyl which could only be due to emission 
from an excited triplet state. The colors observed when benzene 
solutions of 20 containing anthracene, pyrene or napthacene were 
decomposed, were due to fluorescence, from excited Sinolet ‘states of 
enese molecules, <The inténsities’ of luminescence were sreater when 
these materials were present because they fluoresce much more 
efficiently, ® ca. 0.5 (63), than does acetone 9 = 0.01 (54). 

The chemiluminescence observed in the decomposition of 20 is 
unique in the sense that 20 serves as a model for the four-membered 
cyclic peroxides which have been implicated in many chemiluminescent 
and bioluminescent processes. Radziszewski (64), Trautz (65) and 
others (66) have listed a very large number of reactions where 
chemiluminescence can be observed. Other reviews (67, 68, 69, 70) 
have attempted to provide sien dee for many cases of 
chemiluminescence and bioluminescence. 

In 1964 McCapra and Richardson (71) suggested that the 
chemiluminescence of 10,10'-dimethy1-9,9'-biacridinium nitrate (22) 
and similar compounds (71) was due to the thermal decomposition of 


1,2-dioxetanes, eq. [36]. 
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It was suggested that the chemiluminescence was due to emission from 
an excited singlet state of N-methylacridone (23). 

Independently, White and Harding (72) and McCapra with Richardson 
(71) proposed that the decomposition of four-membered cyclic peroxides 
Was also The source of jight/an bioluminescence. ~Broluminescence 
involves the interaction of an enzyme (Luciferase) with another 
substance (luciferin) (73). The: luciferin of the. firefly shaspbeen 
isolated from. ata least six different species (74) and its structure 


is now known (75) to be that of compound 24. 
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In nature the luciferin, 24, occurs as the mixed carboxylic-phosphoric 
anhydride in combination with adenosine monophosphate (76). A model 
Syvocem (77) “in which Ry = R., = CH, , gaveva bright red luminescence on 
treatment with base and oxygen. White and co-workers (76,78) have 
also synthesized systems where Ry it ei R, = H; Ry = ECH Seals and 
where Ry = H, Rp = Cilz. They report that these compounds give a 
bright green luminescence which more closely resembles the natural 
proluminescence. “Theymesuggest (7/6) that’ creen luminescence: 1s due to 


emission from an excited dianion (25). 
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SS“ R=H or R= CH, 
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The mechanism of bioluminescence in this system is thought to result 


from the thermal decomposition of the four-membered cyclic peroxide, 


oereq. 157) (76) 
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The luciferin of the crustacean, Cypridina, has been characterized 
G/9.)itn This compound, 27, has two possible sites for generating cyclic 


pezoxides. 
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Two model systems have been studied which in effect isolate the two 
Hetrocyclic sections, (broken, lane). of the: Cypridinaluciferins MeCapra 


and Chang (80) studied the luminescence of indolenyl peroxides, eq. [38]. 
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McCapra with Wrigglesworth (81) also studied a model for the remaining 


portion of 27, eqs, [59)- 
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It is apparent from these examples, that although bioluminescence is 
a wide-spread phenomenon and that a wide variety of structures exists 
for the luciferins, the common link is always the formation of a 
four-membered cyclic peroxide. 

Tes Lucier in Of a Shall, (28), Latia neritoides, has been 
tsolated (82) and seemed ati first sight to be quite: unrelated) toythe 


above systems. 


McCapra and Wrigglesworth (83) have suggested that this enol formate, 
28, combines with the luciferase to FOrm ‘a SChULE tS base; which 1s 
then attacked by oxygen. The feasibility of this suggestion was 
demonstrated (83) using, as a model, a ‘Schiff‘s base of 1s0- 


butyraldehyde (29), eq. [40]. 
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The emission spectrum of luminescence matched the fluorescence spectrum 
of the formamide ion (30). The authors (83) further suggested that 
the aldehyde-dependence of bacterial luminescence (84) is due to 
autooxidation of Schiff's bases formed between the added aldehyde and 
some constituent within the bacteria. 

The 1,2-dioxetanes from many of these biological and model systems 
Sec (Oi shave. avery tramitory existence at ambient temperatures.\iThe 
excited singlet carbonyl compounds formed in these cases are conjugated 
anditherr excited singlet states should possess much lower energies 
than those of acetone, 83-87 kcal mole] (54), and acetaldehyde. Also, 
the 1,2-dioxetanes in these systems would be substituted by groups 
more bulky than the methyl groups of 20 and should therefore be more 
strained. In support of these suggestions McCapra and Hann (85) claim 
to have evidence for an aromatic 1,2-dioxetane with a life time of only 


30 seconds, eq. [41]. 
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The reaction mixture continued to luminesce for 30 seconds after the 


1 
source of singlet oxygen, 0,5 was removed. The product of reaction 
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was N-methylacridone. 

Another important chemiluminescent reaction is the oxalyl chloride- 
hydrogen peroxide system. The chemiluminescence of this reaction was 
first noted by Chandross (86). He suggested that the observed 
luminescence was due to emission from oxalyl chloride itself because 
the luminescence wavelength maximum was of insufficient energy to be 
due to excited carbon dioxide which was one of the products. Rauhut 
and co-workers (87) have discovered that a volatile product can be 
Swept out of the reaction mixture which is not in itself 
chemiluminescent, but which gives a strong luminescence when passed 
into a solution of 9,10-diphenyl anthracene. They have considered the 


possibility that 1,2-dioxetanedione (31) is formed in the reaction, 


eq. [42]. 
0 0 0 0 
\ Vi \ VA 
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This suggestion was supported by the fact that the infrared spectrum 
of the volatile products was identical with that of carbon dioxide 
(87), which is derived from 31. 

Some estimate can be made of the enthalpy change accompanying 
the decomposition of 1,2-dioxetanedione, Cae using group additivity 


increments (53). The ring strain contribution to the heat of formation 
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of 31 was assumed to be similar to that used for 3,3,4-trimethyl-1,2- 
dioxetane (20). The heat of formation of 31 is given by: 
ane = 2AHe [0 - (0)(C)] + 20H [CO - (0)(C)] 
298 298 298 


HERI Ne COmrec ta On 


2K(e4 Set 2x(=3344)04 5227 


-43.1 kcal mole-l 


AHe for carpon) dioxide =" 94.05 
298 


“ AH (reaction) = -145 kcal mole71 

298 
If the assumption is now made that the activation energy for 
decomposition of 1,2-dioxetanedione is ca. 25 kcal mole! , as in the 
ease Of 3,3,4-trimethyl-1,2-dioxetane (20), then the enthalpy available 
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mo ythe products is ca. 170 kcal mole” 
Sxeuceducinolet stace OL carpon dioxide 1s at least i l0ekcal mole: 
(88) above the ground state, it would appear that the luminescence 
in the oxalyl chloride-hydrogen peroxide system occurs via energy 


transfer from excited singlet carbon dioxide. 


Early References: to 1,2-dioxetanes. 

The real existence of 1,2-dioxetanes has been a subject for 
controversy for many years. Many of the early claims have been 
disproven and others are easily dismissed in the light of the known 
properties of 3,3,4-trimethyl-1,2-dioxetane (20). For example, the 
peroxides isolated by Busch and Dietz (89) from the autooxidation of 


phenylhydrazones are now known to be hydroperoxides (90), eq. [43], 
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and NOt tyclic peroxides: 
[43] ECs Wo Nee sae 
R “eg yer 
2 2 


Similarly, the peroxides obtained by Kohler from the autooxidation of 


enols (91) are known tobe o-hydroperoxy ketonés (92), eq. [44]. 
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$ OH ) 0 $ | @) v= 
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interestingly, Kohler) reported (91) that these peroxides decomposed 
with a flash on heating, and that the products of decomposition were 
carbonyl compounds. This work has been extended by Fuson (93) and 
Doering (94, 95). Doering observed (94) that the oxygenation of 
enolates at 70° gave rise to cleavage products, eq. [45], while at 


room temperature 
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benzilic acid derivatives were obtained, eq. [46]. 
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The formation of cleavage products (94), eq. [39], was rationalized 


by assuming that the powerfully nucleophilic, hydroperoxy anion (96) 


attacked the adjacent carbonyl centre to give a 1,2-dioxetane 


intermediate, eq. [47]. 
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In 1956 Griffin and Lutz (97) pointed to the generality that all 


SS 
molecules containing the functionality ~C = C - X - H, where X = 0, 


or N, are very susceptable to autooxidation. For example, 
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1-benzyl-2,3-dipheny1-2,3-dehydropiperazine (32) underwent rapid 
autooxidation. The peroxide obtained underwent a rapid cleavage 


reaction under mild conditions, eq. [48]. 


[48] 
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Infrared spectral analysis of the autooxidation product, 33, showed 
no adsorption which could be attributed to a hydroperoxy group. 
Furthermore the U.V. spectrum showed no absorption which could be 
agsigned tov-a Schifit's«base. Gonsceaen nie the~authors (97 )Gsugvested 
that the autooxidation product was probably a four-membered cyclic 
peroxide. 

These observations were hotly disputed by Witkop and co-workers 
(98,99) who suggested that the hydroperoxides, actually formed in 
such reactions, undergo rapid acid catalyzed cleavage before the spectra 
could be recorded. By rapid scanning of the infrared spectrum Witkop 
and Patrick (98) were able to record the hydroperoxy group absorption 


for the autooxidatronsproduct, 35, of tetrahydrocarbazole (34) eq. [49]. 
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It is interesting to note that at 124° the hydroperoxide; 35, melts 
(100) and decomposes with a vivid blue flash. McCapra and co-workers 
have confirmed (101) that decomposition of the hydroperoxide, Soy) 1S 
indeed a chemiluminescent process, but the acid catalyzed decomposition 
did not give rise to light emission. 

In 1925 Staudinger (102) claimed to have isolated a number of 
Cyclic peroxides from. the autooxidation of ketens. Explosive reaction 
products were isolated at -20° which decomposed violently to a ketone 
and carbon dioxide at higher temperatures, eq. [50]. 
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This work has recently come under reinvestigation. Jenny and co-workers 
(103) used isotopically enriched oxygen and discovered that the atoms 
of the oxygen molecule became equally divided among the products of 
keten autooxidation. The autooxidation of vinylidene chloride produced 


similar behavior (104), eq. [51]. 
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0.5% (insoluble) 


The white solid exploded on scratching, gave formaldehyde as its 
2,4-dinitrophenyl hydrazone, and gave diphenyl urea on treatment with 
aniline. As Staudinger pointed out (102) with these compounds it is 
difficult to differentiate between a monomeric and polymeric peroxide. 
some of these materials were insoluble in the parent solution and are 
probably polymeric in nature (105). 

PUbeo so Lucas, Prater andiMorris (100) proposed that over a wide 
range of temperature, the autooxidation of 2-butenes proceeded via the 
iitral Tormation of 35,4-dimethyl-1,2-dioxetane, eq. [52]. 
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Consistent with the intermediacy of a 1,2-dioxetane, acetaldehyde was 
the major product at all temperatures. Other products were thought 
to be due to the pyrolysis of acetaldehyde (106). 

Gunstone and Hilditch (107) also proposed the intermediacy of 
ia ee in the autooxidation of olefins to account for the 
formation of allylic hydroperoxides. However, such behavior has not 
been observed in the case of 3,3,4-trimethyl-1,2-dioxetane (20). 

Swern and co-workers reported (108) the formation of a cyclic 


peroxide during the autooxidation of methyl oleate. They claimed 
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that polarographic analysis of the autooxidation products detected only 
hydroperoxides while iodimetry detected all peroxides. The hydroperoxide 
estimation was lower than the iodometric content of peroxide in all 

the autooxidations. The authors attributed the difference to the 
formation of four-membered cyclic peroxides. Reduction with sodium 
bisulphite, potassium iodide in acetic acid, or by hydrogenation gave 
vicinal glycols which were estimated by titration. The formation of 
glycols was taken as evidence for the formation of a 1,2-dioxetane. 

The temperature of autooxidation, 35-120°, seems too high for a 1,2- 
dioxetane to,survive. The results are more in keeping with the 
formation of cross-linked polyperoxides. Similar results to these 

were found by Paquot (109) who suggested that several modes of olefin 
autooxidation exist. 

Recently, four-membered cyclic peroxides have been invoked to 
explain the cleavage products obtained in some sensitized photooxygen- 
ation reactions. Foote and co-workers have made the most detailed 
studies (110,111). Photooxygenation of the enamine 36 (110) gave 
rise to the formation of an unstable product which underwent cleavage 


at room temperature, eq. [53]. 
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The low temperature n.m.r. spectrum of the unstable intermediate showed 


absorption at t 5.0-5.5 (1H), t 7.4-7.6 (6H) and t 8.3-8.9 (6H). 
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When the photooxygenation of 8-piperidinostyrene (37) was» carried out 
at -60° followed by reduction with sodium borohydride reduction, 
2-N-piperidino-1l-phenylethanol (38) was obtained in 72% yield (110), 


eae (54 |. 
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Foote has remained noncommital in the interpretation of these results. 
Huber (112) has reported a similar cleavage reaction during the 
photooxygenation of a steroidal enamine. Similar cleavage has been 
meporeca in, the case ,of certain olefins.weschenck (113) obtained 
exclusively cleavage in the reaction of eq. [55]. 

hv, 0, 

SENSs, 

-90° . 

The photooxygenation of indene (114) in methylene chloride also gave 
rise to cleavage products in quantitative yield, but in methanol some 


methoxy hydroperoxides were also obtained, eq. [56]. 
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The formation of methoxy hydroperoxides was thought to be due to 


solvolysis ofrthe Apv-dioxetans:(39)5. eq: [57]% 


H 
CHz0H H ee 
[57] Boeke ae OOH + OCH, 
SS 
H . Lo 
OCH, OOH 


IS 


This type of behavior has not been observed in the case of 20, and is 


more in keeping with the formation of the perepoxide (40), eq. [58]. 
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The Future of Chemiluminescence: 

As mentioned previously, the excited carbonyl compound formed in 
the thermal decomposition of 3,3,4-trimethyl-1,2-dioxetane should be 
capable of performing the well-known photochemical reactions of acetone 
or acetaldehyde. One of these processes, energy transfer to acceptor 
molecules, has been demonstrated in this work. Very recently White 
and co-workers have shown (115) that other photochemical processes work 
equally well. For example, trans-stilbene can be isomerized to 
eis-stilbenc, eq. [59], 

H 20, benzene fo) ) 


LINE a > 
H o 80°, 7 minutes H H 


and 4,4-diphenylcyclohexadienone (41) 
Ggipheny1-[3,1,0]-bicyclohexene-l-one (42), eq. [60] (115). 
0 0 


20, benzene ‘ ye 
io) 80°, 10 minutes \ ¢ ee 
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This new technique of "Photochemistry without Light" (115), not only 
gives quantum yields of products comparable with those of conventional 
organic photochemistry, but also offers several advantages. For 
example, given a supply of 20 or similar substance, photochemical 
reaction times are very much shorter. Also, with the new technique 
there is less probability of the photochemical products being themselves 


photolyzed, a factor which would greatly simplify work-up of reaction 
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mixtures and hence, interpretation of the results. Furthermore, the 
apparatus required for these reactions can be found in any organic 
chemistry laboratory, thus bringing organic photochemistry within the 


reach of small colleges, undergraduates and industrialists. 


NOTE ADDED IN PROOF. (See page 73.) 

D. R. Kearns and A. U. Khan, Photochem. and Photobiol., 10, 193 
(1969), have also concluded that the decomposition of 1,2-dioxetanes 
would have to proceed via crossing of states for: thesreact 1onmto be 


concerted. 
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Preparations of 3,3,4-trimethyl-1,2-dioxetane (20) were always 
carried out on a small scale because of the potential explosive 
character of this material. As a result of this precaution no 
explosions were observed during the course of this work, but 
occasionally solutions of 20 were accidentally contaminated with 
indigenous laboratory dust and immediately evolved sufficient heat 


to boil the solvent away. 


Rates of Reaction of 5-Bromo-2-methyl-2-butyl Hydroperoxide (11) 
Ween Base at 0°: 

A solution of 11 in methanol was prepared by dissolving 4.575 g 
of 91.7% pure 11 in methanol and adjusting the volume to 500 ml with 
methanol. By iodometric titration the prepared solution was found to 
beru. 0. Moin iit, Portions Of this’ solution (50.0 ml) were diinuted 
with 7.5 ml of water and cooled with stirring in a stirred ice-water 
bath. When the temperature of the stirred solution had reached 0°, 
base was added consisting of 2.5 ml of 1.0 M, 2.0 M, or 3.0 M aqueous 
sodium hydroxide. The sodium hydroxide solutions were prepared by 
weighing A.R. sodium hydroxide which was stated to be at least 97% 
pure. At suitable time intervals, 10 ml samples were withdrawn by 
pipette and quenched by adding them to a mixture consisting of 20 ml 
water, 10 ml ether and 2 ml acetic acid contained in a separating 


funnel, The aqueous layer was separated and the organic layer washed 
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once with 5 ml water. The combined aqueous extracts were titrated 
with 0.020 M aqueous silver nitrate solution using as indicator 10 
drops of aqueous 0.1% Eosin as the sodium salt. Aliquots taken during 
the early stages of the reaction gave only colloidal suspensions of 
Silver bromide but nevertheless, there was no difficulty in observing 
the colour change of orange to violet. Each experiment was carried 
out in duplicate. Agreement between duplicate experiments was so good 
that the results were combined to produce one’ set of data. “In trial 
experiments the weight of the reaction mixtures were measured as was 
the weight of one 10 ml sample of each mixture. The actual volumes 
of the cold mixtures were also measured by pouring thé. mixtures, into 
a measuring cylinder. A knowledge of these quantities permitted a 
MorcOlaetton Of the itinity titer to be expected, end also permuted 
calculation of the actual concentrations of reactants at 0°. For 
example, in the reaction where 2.0 M sodium hydroxide was used, the 
total weight of the mixture was 49.4 g while the weight of a 10.0 ml 
sample was 8.55 g. Thus, each sample contained 0.173 of the total 
Mixture from which the infinity titer, using 0.02 M silver nitrate, 
Was eSstamated to be 21.6°-ml... In practice the infinity peer porecaus 
run was found to be 22.50 ml. To allow for this discrepancy the 
concentration of the original Seiten of 11 was redefined in terms 
of bromine content as being 0.052 M. From the total volume of the 
reaction mixture (57.7 ml), and the weight of 1l present in the 
solution, the molarity of 11 was initially estimated to be 0.0449 M 
and the base concentration to be 0.0866 M. In a similar manner 


concentrations were calculated for the other runs using 1.0 M and 3.0 M 
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sodium hydroxide. ‘The rate constants obtained are pivem dm aab Lesimlb, 
I] and III. An example of one of the second order plots is shown in 
Pcure sl. 

In the reaction where 1.0 M sodium hydroxide was used, iodometric 
titration of the total peroxide content was also performed. Again, 
10 ml samples were withdrawn and quenched with 20 ml of 3:2 acetic acid- 
chloroform mixture. The mixtures were then estimated for total peroxide 
(30) using 0.05 M sodium thiosulfate, The total peroxide content fell 


more slowly than bromide ion was liberated and is shown in Figure 2. 


et 


‘Isolation of 3,3,4-Trimethyl-1,2-dioxetane (20): 

| A stirred solution of 3-bromo-2-methyl-2-butyl hydroperoxide (11) 
(2.00 g, 91.3% pure, 0.01 mole) in 6 ml methanol was cooled to 0° by 
means, O1,an.ace-water bath.. Thensbasei,. consisting ofa 0,44eon) ted 
equivalents sodium hydroxide dissolved in 1 ml water and 3 ml methanol, 
was added over a period of 10 minutes. Stirring was then continued 
for a further 1 hour and forty minutes at 0°. At this time an ice- 
cold mixture of 10 ml water and 10 ml carbon tetrachloride was added. 
After a further two minutes stirring, the organic layer was separated 
and dried over molecular sieves (4A). The resulting yellow solution 
was then transferred to a semi-micro distillation apparatus lacking a 
condenser and fitted with an air bleed. Without applying heat, the 
solution was evaporated into the receiving bulb of the apparatus which 
was cooled to -78° by immersion in a Dry Ice-acetone bath. The pressure 
was kept at ca. 15-20 mm to begin with, but was reduced gradually to 


ca. 0.5 mm until the evaporation rate had become negligible. The 
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condensate obtained was thawed and again evaporated in the same manner 
as before except that only the final 20-30% of the volatile material 
was collected. The resulting solution contained 20 min atydeldmer ca. 
7-12%. The yield of 20 was increased to 17% when the scale of reaction 
was doubled. The n.m.r. and infrared spectra have been described in 
the Sesullts: section: 

Since the above preparative method was wasteful, an attempt us 
made to separate 20 from unreacted 11 by column chromatography on 
neutral alumina. However, when a carbon tetrachloride solution of 20 
was added to the column, the column became very hot and the solvent 


was observed to boil. 


Hydrogenation of 3,3,4-Trimethyl-1,2-dioxetane (207; 


——— is 


A solution of ca. 0.1 g (0.001 mole) 20 in carbon tetrachloride 
prepared as described above, was hydrogenated over palladium-on-charcoal 
at one atmosphere pressure. Hydrogen uptake was very slow. After 70 
hours s*when Pils ml “(S.T. Py) of hydrogen shad been <absorbed, the solution 
was filtered and the solvent removed. Only a minute trace of residue 
remained. N.m.r. analysis (CCl,), Of tthe pesadue;, gaverta Spectrum 
quite unlike that of the expected 2-methyl-2,3-butanediol (14). Some 
of the peaks in this spectrum matched those of 3-bromo-2-methy1-2- 


butanol (15), but the remaining peaks could not be identified. 


Catalytic Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20): 
NO i a ee eee 

A solution of ca. 0.1 g (0.001 mole) of 20 in 3 ml carbon 
tetrachloride was allowed to stand over palladium-on-charcoal for 12 


hours at 0°. At the end of this period the yellow color aoe 
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destroyed. The n.m.r. spectrum of the colorless solution showed 
absorption due to acetone and acetaldehyde only. To gain some idea of 
the rate of catalyzed decomposition the experiment was repeated. 

A wx cure, Ol0.o ml wor 0. 104M 20 in carben tétrachioride and 
2 mg of palladium-on-charcoal was shaken violently in a sealed n.m.r. 
tube. Initially the n-m.r. spectrum had shown no trace of acetone 
absorption, but after 45 minutes shaking at 29°, decomposition had 
occurred to the extent of 13.5%, The yield of decomposition products, 
acetone and acetaldchyde, was estimated from the ratio of peak-areas 
of products and unreacted 20 in the n.m.r. spectrum. The rate of 
catalyzed decomposition was estimated, assuming first order kinetics, 
to be ca, 5.4 x 107° sec7! at 29°. The rate of thermal decomposition 
at 29° was found, by extrapolation of rate data at higher temperatures, 


to be ca. ies x 107° sec7!, 


Reduction of 3,3,4-Trimethyl-1,2-dioxetane (20) with Sodium Sulfite: 


TOVustieredtso lution vor sodium sulfite 1 (01269) Dix 1073 mole) 
in 3 ml of water, was added 3 ml of 0.33 M 20 in carbon tetrachloride 
at 0°. The solution became progressively alkaline so 10% hydrochloric 
acid was added sat intervals to maintain the pH at 7-9. When all the 
peroxide had been consumed, as shown by adding one drop of the organic 
layer to an acidified potassium iodide solution, the mixture was 
separated. The dried organic layer contained 2,3-epoxy-2-methylbutane 
(13) as shown by comparison of the n.m.r. and infrared spectrayomscic 
solution with those of an authentic sample of 13. The aqueous layer 
was acidified with 10% hydrochloric acid and then treated with barium 


chloride solution. A white precipitate of barium sulfate formed which 
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was collected by filtration. The yield of dried barium sulfate was 


Ddiod Gina /( 702). 


Reduction of 3,3,4-Trimethyl-1,2-dioxetane (20) with Potassium 


fodide im Acetic; Acid. Solution: 

A mixture of 5 ml of 0.104 M 20/4n, carbon tetrachtoride) soemi.on 
glacial acetic acid and 1] ml of saturated aqueous potassium iodide was 
allowed to react for 15 minutes in the dark at room temperature. Then 
sufficient 0.2 M aqueous sodium thiosulfate was added to exactly react 
with the liberated iodine. The resulting mixture was then treated 
with solid anhydrous sodium carbonate until the evolution of carbon 
dioxide ceased. The resulting slurry was shaken for one hour periods 
with each of four 25 ml aliquots of ether. The ether extracts were 
combined by decantation from the slurry and dried. The residue obtained 
on removing the ether was taken up in 1 ml carbon tetrachloride 
eontainin toluene. (0.1117) .o, 1.21 x 1073 mole) as internal standard. 
The n.m.r. spectrum of this mixture was identical with that of authentic 
2-methy1-2,3-butanediol (14). The yield of 14; 50%, was estimated 


from the relative areas of the toluene methyl group absorption and the 


methyl group absorptions of 14. 


Thermal Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20): 
Le Ee ee a Se ea ee 

A solution of 20 in carbon tetrachloride, containing a small 
quantity of benzene as internal standard, was sealed inside an n.m.r. 
tube. The n.m.r. spectrum was recorded and then integrated once. 


Initially the ratio of benzene absorption to methyl group absorption 


was 1.00:5.18. The sealed tube was then heated for 12 hours by 
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immersing it in a water bath at 60°. After this period the n.m.r. 
spectrum was again recorded and integrated once. The spectrum now 
Showed absorption due to acetone and acetaldehyde but no trace of 20 
was to be seen. After heating, the ratio of benzene absorption to methyl 
group absorption was 1.00:4.84. From these ratios it can be seen that 
93% of the initial integration of 20 had reappeared as acetone and 
acetaldehyde. The final n.m.r. spectrum obtained when 20 was decomposed 
in pure carbon tetrachloride, has been described in the results section. 
The n.m.r. tube, used in the latter experiment, was opened and the 
productseanahyzed by gal icalon a Sytta x eb 4.dn = colmmnnod 110% 

Carbowax 1500 on Chromosorb W at 50°. Only two peaks due to products 
were observed, which had retention times identical with those of acetone 


and acetaldehyde. 


Rates of Thermal Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20) 


i carvon tetrachloride, Solution: 


A Solution, of, 20i;in carbon tetrachloride, contained ini a 10) ml 
volumetric flask was immersed in a thermostatted bath. At intervals, 
ca. 1 ml samples were withdrawn and quickly weighed in a stoppered 
flask. After weighing, the samples were analyzed for 20 by iodometric 
titration (30). The sodium thiosulfate used was 0.01 M and end points 
were detected using starch indicator. The titration volumes were 
corrected for constant weight of sample and for a small residual 
peroxide titer. An example of the data obtained is presented in Table 
IV. Good first order plots were obtained at 40.2°, 50.2°, 55.3° and 


60.8° as shown in Figure 4. The first order rate constants, kg, are 
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summarized in Table V. The temperatures were measured using Fischer 
thermometer No. 2C4311 which had been calibrated by thot SP Bureau 
of Standards. 

The thermal decomposition of 20 was also studied by n.m.r. 
spectroscopy. A solution of 20 in carbon tetrachloride containing 
benzene as internal standard was allowed to decompose at 36° in the 
probe of the n.m.r. spectrometer. The decomposition was followed for 
eight hours by recording the n.m.r. spectrum and peak integrations at 
Suitable times. The spectra obtained are shown in Figure 7. The rate 
of decomposition was estimated from the change of integration due to 
acetone and acetaldehyde methyl-group absorption, relative to the 
integration of the added benzene. The spectral region between benzene 
absorption and methyl-group absorption was swept at high speed. The 
time of measurement was recorded at the completion of integration. 


Wie result 1s presented an Table V. 


Luminescence in the Thermal Decomposition of 3,3,4-Trimethyl-1,2- 
dioxetane (20): 

A faint bluish luminescence was observed when a benzene solution 
of 20, contained in a test-tube, was heated above 70° in the dark. 
Crude emission spectra were obtained with some difficulty. For this 
determination 6 ml samples of 0.21 M 20 were added to a water-jacketed, 
10 cm polarimeter tube fitted with quartz windows. Water, at 60°, was 
pumped continuously through the water jacket from a thermostatted water 
bath. The light from the decomposing 20 passed through a manually- 
operated Bausch and Lomb 500 mm monochromator, and thence to an RCA 


1P28 photomultiplier tube which was fastened to the monochromator with 
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black tape. The output from the photomultiplier was fed to a recorder. 
The whole apparatus was contained in a darkened room. The emission was 
measured at 10 mu intervals allowing 15 seconds for each reading: * in 
this way the spectra were obtained as a series of steps. The emission 
at each wavelength was then corrected for photomultiplier response 
according to the manufacturer's specification. Spectra were obtained 
fore), 21).M,.0.021 M and 0,0021°M 20 however, the latter was very poor. 
The former spectra are shown in Figure 8 with smooth lines drawn 
between the points. 

Luminescence was enhanced considerably when benzene solutions of 
20) containing @.1 Manthracene, 0.1 M pyrene or 0.1 M napthacene were 
heated above 70°. The observed colors, violet, turquoise and green, 
Hespeerively, were Maccied by the Tlucrescence produced when benzene 
solutions of these added compounds were irradiated with ultraviolet 
hieht. 

Intense green emission was also observed when a degassed solution 
of 20 in benzene containing biacetyl was heated above 70 Solution 
0.104 M in 20 and 0.2 M in biacetyl was prepared by mixing equal volumes 
of 0.208 M 20 in benzene and 0.4 M redistilled biacetyl in benzene. 

The solution was twice degassed by means of freezing and thawing under 
high vacuum. On heating the sample to 70° a brilliant glow was 
observed which cast shadows of the surrounding objects. The intensity 
of the emitted light was much greater than that from a similar sample 


lacking biacetyl. Repeating the experiment using 0.002 M biacetyl 


eave a Similar result. 
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Rate of Decomposition of 3,3,4-Trimethyl-1,2-dioxetane (20) in the 


Presence of Bracety!: 

A solution of 0.22 M 20 in benzene containing 0.2 M biacetyl was 
decomposed by heating at 60.8°. As described previously, for 
decomposition of 20 in carbon tetrachloride solution, samples were 
Lenoved al intervals forvup to three half-lives. and ‘titrated for 
Derorwde COULCHIE.. slicwrace OL decompositLon, ka> was found to be 
11.3 x 1074 sec7!,. In the absence of biacetyl the rate of decomposition 


of 20 in benzene at GOLe nasa 5: Sue 107 Secs. 
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CHAPTER III 


THE BASE-PROMOTED REACTION OF 3,3,4- 


TRIMETHYL-1,2-DIOXETANE 


In Chapter I preliminary evidence was presented which showed 
that the reaction of 3-bromo-2-methy1l-2-butyl hydroperoxide (11) 
Wion base did not lead to the formation of an allylic hydroperoxide: 
In Chapter II it was shown that the primary product of the above 
reaction was in fact 3,3,4-trimethyl-1,2-dioxetane (20). Since van 
de Sande (4) had suggested that 1,2-dioxetanes were the precursors of 
allylic hydroperoxides it became of interest to study the base-promoted 


reaction of 20. 
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RESULTS AND DISCUSSION 


Because the isolation of 3,3,4-trimethyl-1,2-dioxetane (20) was 
a tedious and wasteful process, it was decided to circumvent this 
difficulty by generating 20 in situ. The reaction of the 
bromohydroperoxide, 11, with excess base would provide an almost 
quantitative yield of 20 and permit use of both aqueous and alcoholic 
solutions. N.m.r. spectra had been obtained for both 11 and 20 so 
the further reaction of 20 with excess base could be followed 


conveniently by n.m.r. Speetroscopy. 


Reaction Between 3-Bromo-2-methy1l-2-butyl Hydroperoxide (11) and 


Sodium Methoxide: 
(a) (Spectroscopic! Study: 

An ca. 1M solution of dian methanol-d, , CONtaIned: iM an, oie: 
tube, was allowed to react with 1.7 equivalents of sodium methoxide-dz 
at 0°. The mixture was placed in the probe of an n.m.r. spectrometer 
at 0°. Spectra were recorded at intervals and are shown in Figures 
12a-e. The first spectrum (25 minutes reaction) showed the presence 
of 11 and 3,3,4-trimethyl-1,2-dioxetane (20) in the ratio of ca. 1.8:1 
(Figure 12a). The ratio was judged from the relative peak heights of 
Cie wquarvets ato web. o/ (1b) and9 774.03 (20). After 76 minutes reaction 
the quartets at t 5.37 and t 4.63 were of equal height indicating that 
the ratio of 11:20 was now 1:1 (Figure 12b). In addition to the eight 


absorptions of the two major components, at high field, a small peak 
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Figures 12a-e. Nuclear magnetic resonance spectra recorded during 


Fieure IZ: 


Prsure Azo”. 


the reaction between 3-bromo-2-methyl-2-butyl 
hydroperoxide (11) [ca. 1.0 M] and sodium methoxide-d, 
[eae cla Mp in methanol-d, at 0°, a) 25 minutes reaction, 


b) -/Sswanutes. reaction, c).l2t minutes,  d) 156 minutes , 


e) 225 minutes: 


Nuclear macnetic resonance spectrum of the mixture 
obtained after 20 hours reaction between 3-bromo-2- 
methy1-2-butyl hydroperoxide (11) [ca. 1.0 M] and 


sodium methoxide [ca. 1.7 M] in methanol at 0°. 


Nuclear magnetic resonance spectrum of 2-methyl-2,3- 


butanediol (14) in methanol-d). 
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had appeared at 1 8.83, and also a small multiplet ater J efoe- 1 7.00 
After a reaction time of 121 minutes the three quartets visible were 
of approximately equal size (Figure 12c). The new Cuart Sieg t oi OnoU 
seemed to be associated with the rapidly growing t 8.83 peak, and 
another new peak at t 8.92. There were also faint indications of a 
Fourthequartee at 7/106. 

After 156 minutes reaction the quartet at t 4.63 had become 
obscured by the rapidly growing hydroxyl absorption while the quartet 
Qtli oo, Neadvessentialdly Tenn (Pioure.i 2d) iiiveequatetmect 
t 6.39 had increased in height relative to the methanol CD 5H impurity 
Shen ELE ene Guartetoat. /.08 and the multiplet st tse). Sewere 
unchanged. The region t 8.2 - 9.0 still showed absorptions of 11 and 
20, but the most prominent peak was now at 1 8.83. 

After 225 minutes the spéctrum,showed the quartet at 7 6.40, 
MeeOee C-D2Si0. a MULtIDLet ot Ten. As tao. 0) and asmuliipheusat 
Tao. oo = 20,0 wath the maximum att 8735 and other miaxiuina sot on 
hes o Vand wo. O92 (Figure, 126). Ihe peak at w88, (65a) soeexha ba Cedua 
shoulder on its low field side. The continuous increase in the size 
of the hydroxyl absorption during the reaction (Figures l2a-e) was 
due to exchange of deuterium with the protons of carbonyl compounds. 

The reaction described above was repeated on a larger scale using 
methanol as solvent and sodium methoxide as base. After 20 hours, the 
n.m.r. spectrum of the reaction mixture was similar to the final 
spectrum of the above reaction. The 20 hour Spectrum, WigureslZa, 
shows that the shoulder on the +t 8.83 peak (methanol-d,) was now 


resolved and appeared at t 8.81. This peak, and the peakvat a 3..92 
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formed +a doublet centered at 78.86, J = 6.4 c.p.s. In addition, the 
spectrum showed a sharp singlet at t 7.81 where only a multiplet had 
appeared in deuterated methanol. The position of this latter peak 
corresponded exact ly with that of acetone in methanol. The actual 
yield of acetone under these conditions is not known with certainty 
but is estimated to be ca. 30% from the n.m.r. spectrum of the 
20-hour-old reaction mixture. When nitrogen was bubbled through a 
Similar, 4-hour-old reaction mixture for four hours, and the n.m.r. 
Spectrum” examined s)/the*peaks "at<1°7.82, T8971 vandSte8. 73chad 
“disappeared leaving? only ‘the peaks at©r°8 86) (doublet, Jo="604%c%p.s.) 
and t 8.83 (singlet). When evaporation was continued to small bulk, 
the<Guarter’ at) 16.40 ,~seenvin deuterated methano ls (Figuresi2e):, 
became visible. “This nem.r. Spectrum was identical with *thatvof£ 
2-methy1-2,3-butanediol (14) in methanol-dy,. A spectrum orethe slycol , 
14, in methanol-d,, iS*shown-ineFicure i279. 

Finally, the mixture was evaporated several times with carbon 
tetrachloride. The sticky solid remaining was washed with carbon 
tetrachloride and the n.m.r. spectrum of the resulting extract recorded. 
The spectrum was identical with that of the glycol, 14, in carbon 
tetrachloride solution. It was expected that the n.m.r. spectrum of 
this final product would show methoxyl group absorption, eqs. 161] 70s 


[62], but none was observed. It should be noted that the products of 


eye ; Ho ; -0- CH, 
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coahey : HO a0 acai 
CH,O ‘suit | 
3 
[62] CH, - C ~ C ~ CHg Lt Se CH; -C-C-H 
| eo CH.OH | | 
CH. H : CH. OCH 
3 3 VCH 
20 


equations [61] and [62] would give n.m.r. spectra similar to those of 
the glycol 14. 

iWiesremainder jof (the stacky solid, which hadimot dissolved an 
carbon tetrachloride, was dissolved in deuterium oxide and the n.m.r. 
‘spectrum recorded (external TMS). The spectrum again showed the 
absorption pattern of 14 and also a relatively small absorption at 
t 8.0 (singlet) which did not exchange with the basic deuterium oxide. 
The lack of exchange meant that Peer acetone nor acetaldehyde was 
responsible for the absorption. It was thought that this absorption 
Gould ibe, due to... trace: of acetate, ion derived .from, the hydrolysis of 
methyl acetate during work up, eq. [63]. Indeed, a solution of sodium 


acetate in deuterium oxide also absorbed at t 8.0 in the n.m.r. spectrum. 


cH, 
[63] | Vas 
oe yee CE 
0 —0¢ | HO OH O 
| | O- CH, CH,0H | | | 
CH, - : =|C - CH, .—-—> ones ae ; “ : - CH, + CH, = € = OCH, 
| 
H H CH 
H ict, 
20 14 


In this mechanistic scheme, eq. [63], the acetaldehyde hemiacetal, 


formed by the reaction of acetaldehyde and methanol, is thought of as 
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being a hydride transfer agent. 

The volatile materials, which had been swept out of the reaction 
mixture, were collected in a cold trap and examined Dy Gabe oe mor Lire 
presence of methyl acetate. However, the only materials present in 
the condensate were acetone, acetaldehyde and methanol. 

In addition to the absorptions of acetone and the glycol, i4, the 
above n.m.r. spectra, (Figures 12a-f), contained extraneous peaks at 
t 8.71 and 8.73. It was thought that acetaldehyde as the hemiacetal 
was in some way responsible for these unexplained absorptions because 
they disappeared when nitrogen was swept through the mixture. 
Acetaldehyde could arise, together with acetone, by thermal decomposition 
of 20. When the n.m.r. spectrum of acetaldehyde in methanol solution 
Wass examaned, absorption was observed: at t 3.76 (doublet J = 5.0°copss.). 
Any other absorptions were obscured by solvent absorption. The n.m.r. 
spectrum of acetaldehyde in methanolic sodium methoxide was markedly 
temperature and time dependent. If the n.m.r.” Spectrum of an ace-cold 
sample of this mixture was recorded, absorption was observed at t 5.02 
(Quartet, | = 5.0 Capes.) and 1 8.76 (doublet, J = 5.0 1G. p.o-)t masmene 
initially cold sample warmed to 35° (probe temperature) the quartet at 
t 5.02 rapidly disappeared (4 minutes) and the high field absorptions 
increased in complexity giving maxima at t 8.73, 8.78, 8.82, 8.89 and 
$.93. Any other absorptions were obscured by solvent peaks. Although 
these peaks did not exactly match those observed during the reactions 


of 11 with methanolic sodium methoxide, they undoubtedly make some 


contripution Co tiie pattern. 
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(b) Rate of Loss of Total Peroxide. 

In Chapter II, evidence was obtained for the existence of the 
1,2-dioxetane, 20, by comparing the rate of loss of the total DELVoxide 
content with the rate of appearance of bromide ion during the reaction 
of bromohydroperoxide il with base. Consideration of all the ways by 
which 20 might react with base, revealed that the total peroxide should 
also be unchanged during reaction of 20 with base except for as 


pessipality , seq. 64). 


O- 0 HO O 
| lz Ue | I 
[64] epee B aa > Ca as 
CH, CH, CH, 
20 43 


However, compound 43 was not present to any significant extent in the 
products of reaction of 11 with base, so that it was apparent that the 
reaction of the generated 20 with base must lead initially to another 
peroxidic product. This conclusion was tested by titrating the 
reaction mixture for total peroxide content during the time these 
changes were taking place. 

The main bulk of the reaction mixture in methanol ('a' above) was 
titrated atyintervais for total peroxide content. Under theseseconditions 
the peroxide content of the mixture fell steadily (Figure 13). By 
comparing the variation of peroxide content with the accompanying 
changes in the n.m.r. spectrum observed in *at~above(Ficures” 124-6) ; 
it is clear that the peroxide content falls as the final product is 


formed. It is also apparent that the large excess of base 
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(0.7 equivalents) in the present reactionresults in a faster rate of 
loss of peroxide than was observed in Chapter II for a reaction where 
only 0.1 equivalents of excess base were used. The ultimate product, 
derived from the reaction of bromohydroperoxide il*withsbasesuwas 
non-peroxidic and was either the glycol 14 or some’ clesely related 
material. By analogy with the mechanism of reaction of Z0Uwith Sulfite 
ion and with iodide ion, it seemed that methoxide ion would also attack 


20 in a Similar manner, eq. [65], to give the mixed peroxide 44. 


Gr=10 He’ Gy cree 
| | CH.,0° | | 
Shoo) MeCi Us= CUA Coe CH, A os CH, -C-C - CH, 
SS er ; CH0H a 
HanSCH, Holy CL 
20 44 


eee 


The mixed peroxide 44 would have a similar n.m.r. spectrum to 
that ofthe glycols el4}yand might be very?slugpish iff destreaction 
with iodide ion. Dimethyl peroxide is reported to be only slowly 
reduced by potassium iodide in acetic acid (116) 420in other words: 
the loss of total peroxide during the reaction of the bromohydroperoxide, 
ll, with base might have been only an apparent loss. However, as 
mentioned above, the final product of the reaction of 11 with base did 
not show any absorption in the hone spectrum which could be 


attributed to the methoxy group, and could not be the mixed peroxide 44. 
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Formaldehyde from the Reaction of 5-Bromo-2-methy1-2-butyl 
Hydroperoxide (11) with Sodium Methoxide: 

The reaction of 20 with base, in the manner of equation [65], 
accounts for the formation of a product with an n.m.r. spectrum like 
that of the glycol 14. However, to explain all the facts, a subsequent, 
rapid reaction of the mixed peroxide would have to occur during which 
the methoxy group became detached from the molecule and the peroxidic 


dank destroy.ed... such, a. réaction. is. described by, equation, [66]... Thas 


possibility was investigated by searching for formaldehyde. 


[66] 
: com oaees Jon ny HO OH 
| | CH..0° | | yi 
CH, - C - C - CH, PIC (Coe Coe Cea as Ona 
lave! CH 30H er H 
He CH: H CH, 
44 14 


A sample of bromohydroperoxide 11 was allowed to react with base 
in the manner described for the preparation of 20 for a time of 4 hours 
at 0°. Nitrogen was then bubbled through the mixture at 30° -invonder 
to sweep out the acetaldehyde and acetone which were known to be present. 
After 8 hours flushing with nitrogen, formaldehyde was recovered from 
the residual mixture as 1,3-diphenyltetrahydroimidazole, 4%, by adding 
the residual mixture to a solution of dianilinoethane (26) in aqueous 


acetic cic WC Ll) 
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The derivative did not depress the melting point of an authentic sample 
(117) of 1,3-diphenyltetrahydroimidazole. In a similar experiment, but 
after only 4 hours flushing with nitrogen, a mixture of 1 ,3-diphenyl- 
tetrahydroimidazole, *, and 2-methyl-1,3-diphenyltetrahydroimidazole, 
4%, was obtained. The mixture of tetrahydroimidazoles was analyzed 

by integrating the absorptions of the 2-protons of both derivatives 

Pah the n.m.r. spectrum. When flushing was entirely omitted the 
8-hour-old reaction mixture gave only a small amount of a viscous oil 
when added to a solution of dianilinoethane in aqueous acetic acid 
p(iiy) os This orl was not examined any further. 

Peeshoutdtbpetnotéed thattalthough’ the base used “im these=resactions 
was sodium hydroxide and the solvent 90% aqueous methanol, nevertheless, 
the basic solution would contain a high proportion of methoxide ions. 
Derivatization of formaldehyde was also attempted from a reaction 
mixture in which methanolic sodium methoxide was used as the base, but 
no precipitate was obtained. Instead, during the flushing process the 
reaction mixture became brown in color indicating that condensation 
reactions had taken place. 

The isolation of 1,3-diphenyltetrahydroimidazole from the reaction 
of 11 with methoxide ion, supports the contention that equation [66] 
accounts in part for the loss of peroxide content during the reaction. 
It is likely that most of the formaldehyde will have been used up in 
other side reactions. The amount of acetate ion apparently formed 


during the reaction was only sufficient to account for a small part of 


the overall process: 
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Reaction Between 3,3,4-Trimethyl-1,2-dioxetane (20) and Sodium 


Methoxide: 


ae 


In the above reactions the possibility existed that unreacted 
starting material, il, might have influenced the course of the reaction 
of 20 with base. To investigate this possibility a study was made of 
the reaction between a benzene solution of 20 and methanolic sodium 
methoxide. At 35°, a small volume of 0.68 M 20 in benzene was diluted 
with twice its volume of methanol-d, containing one equivalent of 
dissolved sodium methoxide-dz. The reaction was followed by n.m.r. 
spectroscopy. When the slow reaction had ceased (ca. 3 hours) the 
fineinspectrumiresembl éd| those: obtainedy in! the: reaction of the 
bromohydroperoxide, il, with methanolic sodium methoxide (Figures 12e,f). 
Wee petore,- (Firpures Ze, f), there’was no evidence, in) thesnim.rarspéctrum 
of this solution to indicate that any allylic hydroperoxide had been 
formed in the reaction. Furthermore, at the end of the reaction the 


peroxide content had fallen to zero. 


Reaction between 3-Bromo-2-methyl-2-butyl Hydroperoxide (11) and 


Aqueous Sodium Hydroxide: 


This reaction was investigated in order to ascertain the effect 
of solvent polarity on the behavior of the 1,2-dioxetane, 20, towards 
base. 

A quantity of bromohydroperoxide 11 slowly dissolved into a 
four-fold excess of 1 M aqueous sodium hydroxide at 0°. Samples were 
withdrawn at intervals and titrated for total peroxide content (30). 


g, 
After 90 minutes, when the mixture had become homogeneous, 73% of the 
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total peroxide remained. After 120 minutes reaction, the total peroxide 
content was still 67% of the initial value. After 150 minutes reaction, 
one estimation for liberated bromide ion showed that 98% of the 
Starting 11 had reacted. After a further 21 hour reaction at 0°, when 
the peroxide content had fallen to 18% of the initial value, sodium 
borohydride was added to the mixture to reduce the residual peroxide. 
After a further 21 hours the mixture was continuously extracted with 
ether. The dried organic fraction was concentrated and the residual 

oil quantitatively analyzed by g.1l.c. (13) using benzonitrile as 
internal standard. The major products, 2-methyl-1-buten-3-ol (45), 
2-methyl-2,3-butanediol (14) and 2-methyl-1-buten-3-one (46) were 
taeienried by (comparison tot their @il.c. retention times: with these or 
authentic samples of 45, 14 and 46. In addition, 14 and 45 were 
collected from the effluent of'the g.1.c. column and identified 
spectroscopically. Based on the peroxide content of the starting 
material, 11, the yields of products were 45, 27%, 14, 23%, and 46, 
7.55. There was no evidence for the presence of 3-methyl-I-buten-3-ol 
(47) in the g.l.c. chromatogram, proving that allylic hydroperoxides 
are not formed by direct elimination of the elements of halogen acid. 


The residual oil was also subjected to g.l.c. analysis at low 


) 
0. 


temperature. The most abundant volatile product was acetone, Ca. 6 


Only traces of other products were observed. The results are summarized 


in equation [67]. 
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[67 ] 
OH 
YA 
0 CH. 
| | T one 
CHS mg BG ne BC vs “Hf ———_—_¥ 
3 > 
| 2. BH S 
CH, Br 
a : 
OH 
CH | 
ae 206.2 7CHt 
CH. | 
H 
45 (27%) 
HO OH 
| | 
CH, - ; 2 e Ble 
CH, H 
14 (23%) 


The formation of 46 during the reaction is presumably due to 


base-catalyzed carbonyl-forming elimination (16) of the elements of 


water from the allylic hydroperoxide, 48, eq. [68]. 
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(0H 
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CH 7 CH x 
[68] Sch Seto esas “3 Eee 

CH ue CH. CH 

3 

48 46 


+ HO? $i abH® 
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Elimination reactions of this type are commonly observed to occur with 


benzilic hydroperoxides (16,118) and are expected for allylic 
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hydroperoxides. Assuming that the glycol, [4 and thew ait irceateoncr, 
45, were formed by reduction of the corresponding hydroperoxides, then 
it 1S necessary to explain why the peroxide titer before reduction was 
so much smaller (18%) than the combined yield of iG “andeaS 07) This 
observation suggests that some of the initially formed hydroperoxides 
had already been reduced prior to the addition of sodium borohydride. 
In 1898, Blank and Finkenbiemer reported (119) that formaldehyde 
was rapidly oxidized to formate ion in the presence of alkaline 
hydrogen peroxide, eq. [69]. 
. Ke (se 
[69] AGS O.9) POM pee TOE tOSete Bee hr eT anOR Gare nO 
H 3 minutes O 
The same authors also reported (119) that acetaldehyde underwent a 
Simiter reactron, but ata “Slower rate. “In the reactions Of Fil “or 20) 
with base, the acetaldehyde produced by thermal decomposition of 20 
could conceivably be oxidized by any one of a number of hydroperoxides 


present during the reaction, eq. [70]. 


> R= Ons & CHz = C= 05 


HW 


[70] ReasOne 0° sat CH., = Ca 
, O 
Similar reactions could also account for the large amounts of 
bromohydrins, and hence epoxides, formed in the preliminary experiments 
described in Chapter I. However, in a test of this possibility ,-using 
alkaline t-butyl hydroperoxide and benzaldehyde, no reaction was 
observed during a period of 20 hours at 5°. The failure of this test 


indicates that the Blank and Finkenbiemer reaction (119). 455 n0f 
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completely general. However, the failure to react may be a property 
of tertiary peroxides, and cannot be excluded as a possible mode of 
reduction in other cases. 

The formation of some allylic hydroperoxide from 11 in aqueous 
base is in agreement with the observations of van de Sande (4), but 
contrasts sharply with the course of the same reaction in methanolic 
base. It appeared from this experiment that either the 1,2-dioxetane 
20,Dehaved differently in aqueous solution, or that allylic 
hydmoperoxides are formed by .a.drfiterent moute’, nothanvolving 
i -djoxetanes;,iwha-ch, only joperates tin polar solvents.» The aliy tic 
hydroperoxide, 48, formed in the reaction, has the hydroperoxy group 
on the secondary carbon atom instead of the tertiary carbon as was the 
case in the bromohydroperoxide, 11. Evidence of such an exchange of 
the hydroperoxy group led van de Sande to conclude (4) that an 
intermediate 1,2-dioxetane was involved during the formation of 
allylic Fae he tunendes from the reaction of bromohydroperoxides with 


base. In Chapter IV evidence is presented to show that 1,2-dioxetanes 


are not the precursors to allylic hydroperoxides. 
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EXPERIMENTAL 


Reaction Between 3-Bromo-2-methy1-2-butyl Hydroperoxide (11) and 
SS rue at a hs 


Sodium Methoxide: 


(a) Spectroscopic Study. 

A sample of 11 (0.406 g, 90.2% pure, 0.002 mole) contained in a 
© ml flask was cooled with stirring to 0°. Then base was Slowly added, 
consisting of 0.078 g, 1.7 equivalents, of sodium metal dissolved in 
2.0 ml of methanol-d,. As soon as possible a sample of the mixture 
a transferred to an ice-cooled n.m.r. tube by means of an ice-cold 
Syringe. N.m.r. spectra of the mixture, recorded at 0°, are shown in 
Figures 12a-c. The spectra have been described in the results and 
discussion section. 

{(b) Rate of Loss of Total Peroxide. 

The above reaction was repeated on a 10-fold scale using methanol 
in place of methanol-d,. As soon as possible 2 ml aliquots of the 
mixture were removed, quenched with 20 ml of 3:2 acetic acid-chloroform 
mixture, and estimated for total peroxide (30) by titration with a 
0.20 M aqueous sodium thiosulfate. The decline of peroxide 
concentration with time during this reaction is shown in Figure 13. 
After 20 hours, the n.m.r. spectrum of the solution was recorded. 


The spectrum obtained, shown in Figure 12f, has: been, described; in the 


results and discussion section. The reaction was repeated and allowed 


to run for 4 hours. At this time, nitrogen was bubbled through the 


solution and the volatile materials collected in a Dry Ice-acetone 
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trap. The volatile materials, acetone, acetaldehyde and methanol, were 
identified by g.l.c. analysis. There was no evidence in the geile. 
chromatogram to suggest the presence of methyl acetate. 

Flushing with nitrogen was continued until all the solvent had 
evaporated. The residue was dissolved in carbon tetrachloride and 
again evaporated. This process was repeated a further two times. The 
sticky solid remaining was shaken with carbon tetrachloride for 30 
minutes. The solution obtained gave an n.m.r. spectrum identical with 
that of 2-methy1l-2,3-butanediol (14). The undissolved material was 
Caccn up in deuterium oxide and the n.m.r. spectrum of the resulting 
solution recorded. The major component of the mixture was again 14, 
but in addition a relatively small peak (singlet) was observed at 
7 )S20 (eExtermmal IMS). A Solution of sodium acetate. in deuterium oxide 


elsosabsorbed at thas position in the n.m.r. spectrum. 


The Reaction of Acetaldehyde with Methanol: 
The n.m.r. spectrum (methanol) of acetaldehyde showed absorption 
a6lnis s2ontdoublet, Jit= 510 cipys. } "due ‘to the methyl eroupsek 


acetaldehyde hemiacetal. Any other peaks were obscured by solvent 


absorptions. 


The Reaction between Acetone, Acetaldehyde and Methanolic Sodium 
eh Aca tc Rea A a 
Methoxide: 

A mixture of acetone (5.8 g, 0.1 mole) and acetaldehyde (4.4 g, 
0.1 mole) was added to 100 ml of 1.0 M sodium methoxide in methanol at 


° 
0°. When n.m.r. spectra of this mixture were recorded at 0... 


absorption was observed at t 5.02 (quartet, J = 5.0 Cxpreuls 
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Ma eS reelsinglet wanda seis (Cdoublet; J =5.6 Cép /S4a Jai ihese 
absorptions were due to acetaldehyde hemiacétal, TebrC2tandmaeene ; 

and acetone, t 7.83. When the spectrum was recorded at 35° the initial 
spectrum was identical with that observed at 0°, but a series of very 
rapid changes occurred. Within four minutes the quartet at t 5.02 had 
disappeared and the doublet at t 8.76 became a multiplet with maxima 
eee as. 75708478518 182518789 land 8.932 ‘These tchangés are assumed'to be 


due to condensation reactions. 


Formaldehyde from the Reaction Between 3-Bromo-2-methyl-2-butyl 


A A 


Hydroperoxide (11) and Sodium Methoxide: 

mesample of Il (2.00 ¢, 91.36 pure, 0:01 mole) wasiicooled wath 
stirring to 0°. Then a solution of sodium methoxide, prepared by 
dissolving sodium metal (0.195 g, 0.017 mole) in 5 ml methanol, was 
slowly added. After 8 hours reaction at 0°, nitrogen was passed through 
the solution at room temperature. The volatile materials were collected 
im a cold trap, After four hours flushing neither the collected 
volatile materials, nor the brown residue gave any precipitate with a 
solution of dianilinoethane (26) in 2:3 acetic acid-water mixture (117). 
The experiment was repeated under different conditions. 

A solution of 11 (2.00 g, 91.3% pure, 0.01 mole) in 6 ml methanol 
was allowed to react with sodium hydroxide (0.44 g, 0.011 mole) 
dissolved in 4 ml of 75% aqueous methanol at 0°. After four hours 
reaction, nitrogen was swept through the solution at room temperature 
for 8 hours. The volatile materials were swept into a trap consisting 


of a solution of dianilinoethane (26) in aqueous acetic acid (117). 
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No precipitate was obtained in the trap, but the involatile material 
remaining gave an immediate precipitate of 1,3-diphenyltetrahydro- 
imidazole, -0.091 g, 4%, (based on the hydroperoxide content of Le 
mep. 120°5° 2° Authentic 1,3-diphenyltetrahydroimidazole was prepared 
by reacting formaldehyde (0.82 ml, 36.6% aqueous solution, 0.01 mole) 
want yl24e\(0.01 mole) of dianilinoethane (26) in 250: mlsor 2:5 
acetic acid-water mixture (117). The authentic material, recovered in 
eeoeyield,iméelted at 121°. A mixturé of both. samples melted at 120.5°. 
In a duplicate experiment, with only four hours purging with nitrogen, 
0.23 g of a mixture of 1,3-diphenyltetrahydroimidazole and 2-methy1l- 
Pe coe aie eo e! m.p. 70-90°, was recovered when the 
residue was added to a solution of dianilinoethane (26) in aqueous 
aGerrcracidn(ll/ jw ‘the components, of the mixture were identified by 
comparison of the n.m.r, spectrum (CCl) ) of Lhe mixture withy those of 
gutnentic samples or the two imidazoles (117). Ine carbon tetrachloride, 
the 2-protons of 1,3-diphenyltetrahydroimidazole appeared at t 5.41 
(singlet), while the 2-proton of 2-methyl-1,3-diphenyltetrahydroimidazole 
appeared at 1 4.62 (quartet) in the n.m.r. spectrum. From the 
integration of these protons in the n.m.r. spectrum of the mixture, 

the molar ratio of formaldehyde to acetaldehyde derivative was 
estimated to be 6:4. The yields of the recovered aldehydes were 
formaldehyde 6%, and acetaldehyde 4%. When purging with nitrogen 

was omitted, the entire reaction mixture gave only a small amount of 
an oil when added nO a solution of dianilinoethane (26) in aqueous 


acetic acid (117). The oil was not examined DUC tae 
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Methoxide: 

Lorssimhio fra: tsolution; of (0168 M 20 in benzene was added 1.0 ml 
of 0.34 M sodium methoxide-d., in methanol-d,, prepared by dissolving 
0.0078 g of sodium metal in 1.0 ml of methanol-d,. The resulting 
mixture was'ca. 0.23 M in each reactant. The n.m.r. spectrum of "the 
mixture was recorded at an operating temperature of 35°. After 2 hours 
reaction at 35° followed by standing overnight the final spectrum was 
virtually identical with that obtained from the reaction of the 
bromohydroperoxide iipand base Figures’ Ie yf). “there was no 
indieation of ‘any olefinic absorption in the n.m.r. spectrum. | The 
final mixture obtained, failed to liberate iodine’ on treatment with 


acidified potassium iodide. 


Reaction Between 3-Bromo-2-methy1l-2-butyl Hydroperoxide (11) and 


Aqueous Sodium Hydroxide: 

A sample of 11 (5.0 g, 91.4% pure, 0.025 mole) was added with 
Stirring to 100 ml of 1.0 M aqueous sodium hydroxide at 0°. After 90 
minutes, when the mixture had become homogeneous, a 10 ml sample was 
withdrawn and titrated for total peroxide content (30). The peroxide 
content had fallen to 73% of the calculated initial value. After 120 
minutes the peroxide content was 67% of the initial value, while after 
150 minutes, titration for liberated bromide ion showed that 98% of the 
The total peroxide content 


starting material, 11, had been consumed. 


fell to 18% of the initial value after 24 hours. The reaction was 


then repeated but without removing any samples for titration. After 


24 hours at 0° the mixture was treated with excess sodium borohydride 
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COe2 716247 ox 107> mole). After a further 21 hours the mixture was 
continuously extracted with ether. The dried organic layer was 
concentrated by distillating off the solvent through a 4 ft. Podbielniak 
column. The residual oil was examined by n.m.r. Spectroscopy. Apart 
from some ether absorption, the n.m.r. spectrum showed the presence 
Omeuve sclycol, 14, and some olefinic absorption. The oil was then 
enalyzed by g.1-c. on a 5 ft. x 1/4 in. column of OF. 1 at (90°. ‘The 
chromatogram showed the presence of two major products and a minor 
constituent. The peak of longest retention time was collected from 

the ermiuent of the p.lic.jcoluin, The.m.m:t.-and infrared ispectra 

Of the collected material were identical with those of the glycol, 14. 
The other two products could only be collected as a mixture. The 

H.W.r. Spectrum of this mixture contained a1] the peaks due to 
absorption by 2-methyl-1-buten-3-01 (47) the major component, and 
2-methyl-1-buten-3-one (46). In addition, all three products were 
#dentiticd by comparison of ‘their retention times on g.1,¢. analysis, 
with those of authentic samples of 14, 47 and 46. Quantitative 


analysis (13) on the same column using benzonitrile as internal standard 


showed that the compounds 14, 47, and 46 had been formed in the reaction, 


0 
oe 
0» 


in yields of 23%, 27%, and 7.5%, respectively. The molar response 


factors of 14, 47, and 46 were found to be 93, 90, and 87, respectively, 
relative to benzonitrile, 100 units. G.1l.c. analysis of the mixture 
on a 5 ft. x 1/4 in. column of 15% FFAP at 65° permitted separation 


of the more volatile products. The only peak of any significance due 


to volatile materials was identified as acetone by comparison of its 


retention time on g.l.c. analysis with that of authentic material. 
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The yield of acetone was ca. 6%. The product imbalance, 36%, is assumed 
to be due to loss of cleavage products, acetone and acetaldehyde, 


during the reaction and subsequent work-up. 


2-Methyl-1-buten-3-one (46); 

A 2 1 three-necked flask, containing 950 ml water and 40 ml 

concentrated sulphuric acid, was fitted with a mechanical stirrer 
reflux condenser, thermometer and dropping funnel. The mixture was 
heated to 60° and 25 g of red mercuric oxide was added. When the 
mercuric oxide had dissolved, 3-hydroxy-3-methyl-1-butyne (168 g, 
Za0 mole) iwas added drop-wise over a period of 1vs hours at such, 2 
rate as to hold the temperature at 60°. The mixture was stirred for 
amiuriner; WO minutes atthe end oF the addition and tiem cooked to 
room temperature. The homogeneous solution was then made saturated 
with anhydrous sodium sulfate. The oil which separated was taken up 
in 750 ml ether and the aqueous layer extracted four times with 250 
ml quantities of ether. The combined ether extracts were washed once 
with 500 ml of saturated aqueous sodium chloride solution and dried 
over anhydrous sodium sulfate. The solvent was removed and the dried 
product distilled through a 15 cm vigreaux column, b.p. 137-1534 5) 
(705 mm) n26=14136; reported (120) b.p. TWO. nél=1.415. The 
yield of 3-hydroxy-3-methyl-2-butanone was 128.3 g, 650% It the 
reaction mixture was not made saturated with sodium sulfate the yield 
was only 42.5%. 

A mixture of 3-hydroxy-3-methyl-2-butanone (49.5 g, 0.485 mole), 


anhydrous sodium acetate (25 g) and acetic anhydride (100 g, 1 mole) 
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was heated under reflux for six hours (121). The mixture was then 
cooled and poured into 600 ml water and neutralized with solid sodium 
carbonate. The oil which separated was taken up. 1n500. mivether 
washed once with saturated sodium chloride solution and dried. The 
solvent was removed and the residue distilled through a 15 cm vigreaux 
column, The colorless distillate, 3-acetoxy-3-methyl-2-butanone, was 
obtained in 84% yield (58.9 g), b.p. 171-171.8° (698 mn), nee = 1.4178; 
reported (121) b.p. 93° (50 mn), ne = 1.4180. This material was 
pyrolyzed at 460-470° following the procedure of McMahon and co-workers 
(122). From 49.1 g of 3-acetoxy-3-methyl-2-butanone there was obtained 
464972 0£ -pyrolysate. The pyrolysate was dissolved in 100 mi isopentane 
and cooled when acetic acid (18 g, 96% yield), was obtained as crystals. 
The mixture was filtered and the filtrate fractionally distilled. 

Dnete, was ebtained 15.2 g (56%) of 2-methy!-1-buten-5-one (46); b.p. 
94.5-95.5° (700 mn), n” = 1.4196; reported (122) b.p. 38° (85 mn), 

ae = 1.4235. The n.m,r. spectrum (CC1,) showed absorption at t 4.10 
and t 4.26 (unresolved multiplets) due to the vinyl protons, t 7.75 
(singlet) attributed to the terminal methyl group and t 8.20 
(unresolved multiplet) attributed ae the allylic methyl) croup, G.lec. 
and n.m.r. analysis of the product showed the presence of ca. 5% of 


an impurity. 


2-Methyl-1l-buten-3-o0l (45): 
Aluminum hydride (3.7 x oe mole) in ether was prepared (123) 
% 


by adding aluminum chloride (1.22 g, 9.2 x 10°” mole) to a cooled 


=9 ; 
suspension of lithium aluminum hydride (1.044 g, 2 7 OE eo be) een 
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100 ml ether. Then a solution of 2-methy1-1-buten-3-one (46) GO.c4 yas 
0.1 mole) in 80 ml ether was added during a period of 20 minutes. 
After 2 hours, 15% aqueous potassium hydroxide was added until the 
organic layer became clear. The ether layer was separated by 
decantation and dried. The solvent was then removed and the residue 
tractionated., There was obtained 1.9 ¢ (22%) of 2-methyi-1-buten-3-01 
Ceierp ol 12.5 2105-5° 3705.90); ee = 1.4242) reported (24 ietin 
P12=315° “(700 mm); fe =) .4290,, ne 17m. 7. Spectrum (CCl, ) of the 
product showed absorption at t 5.11 and t 5.30 (unresolved multiplets) 
bvemton Che vinyl) protons, @ o.67 (quartet. J = 6.5.c.pes. \duer to athe 
Metwilerprocon, 1 6.s0 (singlet) due to the hydroxyl (group protong 
Po. 76 (unresolved multiplet) due to the allylic methy) croup and 


foro (coub lee, .Jy= 685°C. p.s..) Of the terminaimmechy | eroupe 


Lack of Reaction between t-Butyl Hydroperoxide, Benzaldehyde and 


Sodium Methoxide: 

Redistilled t-butyl hydroperoxide (0.9 g, 0.01 mole) was dissolved 
in 10 ml of methanol and cooled to 0°. Then base was added consisting 
of sodium hydroxide (0.44 g, 0.011 mole), 12 ml methanol and 1.5 ml 
water, The mixture was kept at 0° for a total of 19 hours. Known 


fractions of the mixture were titrated for total peroxide at intervals, 


The total peroxide content remained constant at 93% of ‘the: expected 


level throughout this period. 
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CHAPTER. EV 


THE BASE-PROMOTED REACTIONS OF TETRASUBSTITUTED 


8 -HALOHYDROPEROXIDES 


van de Sande has proposed that the reaction between 


tetrasubstituted 6-halohydroperoxides and base leads initially to 


the formation of tetrasubstituted 1,2-dioxetanes (4). 


These 


intermediates were said to react very rapidly with base to form 


allylic hydroperoxides. (4), eq. [71]. 


[71] 


Evidence (4). gfor the 


Cm 
oH? 2 CH | | Aig 
ea is ee 
CH CH 
49 
OH 
0 
CHs_ | pal; 
Ca iGhy 
CHs ~ CH. 
19 


formation of a symmetrical intermediate during the reaction, included 


observation of a transient twelve proton peak in the n.m.r. spectrum 


of the mixture, and detection of exchange of the hydroperoxy group 


between the two tertiary carbon atoms. 


Thus, a mixture of deugeraged 


3-bromo-2,3-dimethyl-2-butyl hydroperoxides were converted by base to 


a mixture of deuterated 2 ,3-dimethy1-3-hydroperoxy-1-butenes in which 
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the ratio of isomers had undergone inversion; eq. [72 yeh)" 


CD; CH 
~ di 
HOO—C - C—Br 
/ “ 
CD CHz 
40% 
[72] 
CDs CHy 
/ 
HOO—Cc - C 
s 
CDz CH; 
69% 


OH? 


CD CH 
at Cig 
Br Conn 
/ \ 
CD; CH; 
60% 
Cp is 
pice C —0OH 
CDs Nae 
31% 


mice possibility that 1,2-dioxetanes were not the precursors 0G 


allylic hydroperoxides was not considered by van de Sande (4), however, 


two other mechanistic routes to allylic hydroperoxides can be envisaged. 


One of these proposed mechanisms involves an initial fragmentation 


eeaccron, (125) eq. [75 - 
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Singlet oxygen and tetramethylethylene, would be expected to react 
instantly within the associated solvent cage to give the allylic 
hydroperoxide, 19, because these Species are known to react at a 
diffusion controlled rate (126). 


The other mechanism to be considered involves the intermediacy of 


ap perepoxide’,! eq. [74] 


H 
| e 
O 0 
ieee | 
| | base 206 
[74] CHz - C - ; - CHz = CHz - ; - ‘ - CH Eon eee) 
CHz Br CHz CH, 
18 
OH 
vA 
@) 
CH, | 
> = CsaGs CH, 
CH | 
19 


Perepoxides have been proposed as intermediates in the dye-sensitized 
photooxygenation of olefins (3,127), but this possibility now seems 
quite remote (111). Im the present case, however, a perepoxide 
intermediate would account for exchange of the hydroperoxy group 
between the tertiary carbon atoms, might be observable in the n.m.r. 
spectrum of the reaction mixture and should undergo rapid proton 
transfer to give an allylic hydroperoxide. Such a dipolar intermediate 
would be stabilized by electron donation from methyl or phenyl 


substitution, and its formation would be more highly favored when polar 
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solvents were used. The operation of these latter effects could 
account for the differences in reaction between tetrasubstituted and 
trisubstituted B-halohydroperoxides, and the effect of solvent polarity 
on the base-promoted reactions of 3-bromo-2-methyl-2-butyl hydroperoxide 
(iT) (Chapter! 1i1). 

The work in-this chapter was designed to differentiate between 
the above mechanisms. The synthesis of 3,3,4,4-tetramethyl-1,2- 
dioxetane (49) was achieved. Compound 49 did not react with base to 


give 2,3-dimethyl-3-hydroperoxy-1-butene (19). 
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RESULTS AND DISCUSSION 


Isolation of 3,3,4,4-Tetramethyl-1,2-dioxetane cane 


Because there seemed little hope of isolating 3,3,4,4-tetramethyl- 
1,2-dioxetane (49) frometheyreaction- of 3-bromo-2,3-dimethy1l-2-butyl 
hydroperoxide (18) with base, van de Sande tried to synthesize a goby 
treating 18 with silver tetrafluoroborate. Kirschke (21) attempted 
the same synthesis using silver perchlorate. The only product reported 
by either worker was acetone (4,21). It seemed likely that the strong 
Acre produced in these reactions would catalyze the decomposition of 


enyi1 40) that was formed; eq. [75|40s0 ‘that thesexsyntheses were doomed 


H 
Geos 0 OH 
Iv | | CH, 
[iSiactcH, 2 Galncis S + ce S42 oe =) 
| = x CHz 
CHz CH Gigne CHege Comer Gis 


Use of silver acetate seemed more reasonable because the acetic acid 
produced would be far less likely to catalyze the decomposition of 49. 
Since silver salts are known to be slightly soluble in benzene (128) 
it was decided to Rs benzene as the reaction mediun. 

A rapid reaction occurred when 3-bromo-2,3-dimethyl-2-butyl 
hydroperoxide (18) was shaken with a suspension of silver acetate 


powder in benzene at room temperature. After 30 minutes reaction, the 
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resulting mixture was filtered to give a yellow précipitateyoresilyenx 
bromide. The yellow filtrate was subjected to n.m.r. spectroscopic 
analysis. The n.m.r. spectrum (benzene) showed absorption atyn"5.07 
and t 5.17 (multiplets) due to the vinyl protons, t 8.24 (singlet) due 
tojthe allylic methyl group; and 1 8.76 (singlet) due to the gem- 
dimethyl groups of 2,3-dimethyl-3-hydroperoxy-1-butene ESR Pe a 
addition the spectrum showed absorption at 1 8.39 (singlet) due to 
acetic acid (and perhaps a trace of acetone), t 8.83 (singlet) due to 
the 1,2-dioxetane 49, and a relatively small absorption at t 9.13 
(singlet) of unknown origin. From the integration of the peaks at 

pe Oe (OnPom 19 and we7es (12H) of 49) the ratio of lg: 49 was 
estimated to be 4:1. The acetic acid and perhaps acetone were removed 
by washing with water. The allylic hydroperoxide, 19, was removed by 
repeated washing with aqueous sodium hydroxide. The yield of recovered 
19, (30%,) was estimated, by dodimetric titration (30) of the aqueous 
extracts. The remaining products were isolated as a mixture of liquid 
and crystals by removing the benzene under reduced pressure. The 
residue was recrystallized twice from pentane at -20° and then sublimed 
to give yellow, rectangular plates. This material was identified as 
3,3,4,4-tetramethyl-1,2-dioxetane (49). The yield of purified 49 was 
only 3-6% in a number of preparations. The dioxetane was quite volatile, 
often subliming to another part of the sample tube even when stored at 
-10°. In this respect the material resembled pinacol. The dioxetane 
rapidly gave iodine on treatment with potassium iodide and acetic acid. 


The dioxetane melted at 76-77° to give a liquid which emitted a faint 


blue luminescence. The n.m.xr. spectrum of the dioxetane showed a 
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Sangletsabsorptionsat 1188483 (benzene) and t 8.58 (CCl). In addition, 
the n.m.r. spectrum of 49 was recorded at low temperature using fluoro- 
trichloromethane as solvent. The spectra obtained at -40°, -70° and 
-90°, all showed a singlet absorption at t 8.55 with a peak-width at 
Walfeheaght~os 1sJ0esp-s. The lackvof splitting of thevsingletyat dow 
temperature suggests that the two bent forms of the ring undergo rapid 


interconversion (129): 


CH (a) CH (a) 
°  (e)CHg oceuatbig 
(ec) CH. oe eee (e) Cll, 
CHz(e) Cis (a) 
CH. (a) 


ihe aneranedispeetrum sofsthetperoxide (CC1,) showed absorption 
at 1380 and 1370 cm7/ due to the gem-dimethyi groups, 1202 and 1168 cm7} 
attributed to the C.-.0O,stretching frequencies and 868 cm! attributed 
topthesOi-wOestretchinge frequency. These peaks’ had counterparts in the 


absorption spectrum of 3,3,4-trimethyl-1,2-dioxetane (20). There was 


no evidence for hydroxyl or carbonyl absorption in the spectrum. 


The Molecular Weight of 3,3,4,4-Tetramethy1-1,2-dioxetane (49): 

As described in Chapter II, it had not been possible to measure 
the molecular weight of 3,3,4-trimethyl-1,2-dioxetane (20) so%that 
some uncertainty remained as to whether the substance, 20, was 
monomeric or dimeric. It became of vital importance to establish the 
composition and molecular weight of 49, and then relate the preperties 


of 49 to those of 20. A monomeric composition for 49 was established 


in several ways: 
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(a) Mass Spectrum of 3,3,4,4-Tetramethy1l-1,2-dioxetane (49). 


UE: SEEN iB 2 hee ete Be 


The mass spectrum of 49 was obtained with difficulty. No 
conditions were established under which the mass Spectrum’ could be 
obtained consistently. A good mass spectrum was obtained using the 
MS-12 mass spectrometer with a water cooled source and direct insertion 
of the sample. The ionization potential was maintained at 70 volts. 
Under these conditions strong peaks were observed at m/e 116, 84(M-32), 
69(M-47), 58(M-58) and 43(M-73). The parent peak, m/e 116, corresponds 
to C,H)505. There was no peak at m/e 232. The most prominent peak in 
all the spectra was at m/e 58 which corresponds to acetone. Most of 
the spectra showed no peaks beyond m/e 58. The peaks at m/e 84 and 69 
avetalso present in the mass spectrum of 2,3-dimethyl-2-butene (4). 
Tiespeaks at m/e 45 1S present in the mass spectrum of acetone, where 
it appears (as #thetbase’ peak ~ (130). 

(b) Osmometry. 

An attempt was made to determine the molecular weight of 49 using 
a Mechrolab Vapour Pressure Osmometer, Model 301A, with benzene as 
solvent. The temperature of the apparatus, 32.5° , Was mot here toune 
a serious threat to the success of the molecular weight determination. 
However, the operator reported that the molarity of the solution changed 
continuously so that no determination was possible. Examination of 
the procedure used, revealed that the solution under test 1S transterred 
from a metal syringe to a metallic thermistor during the determination. 
It seemed probable that contact with these metallic surfaces was causing 


the peroxide to decompose so the method was discontinued. 
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(c) Freezing point Depression, 


The molecular weight of 49 was readily determined by the method 
of freezing point depression (131). The technique has the advantage 
that an all-glass apparatus can be used. Furthermore, by using 
benzene as CHaPe OE the determination could be carried out at Coe on. 
In the determination, 0.0878 g of 49 dissolved in 12.50 g of benzene, 
depressed the freezing point of benzene by 0.332°. The cryoscopic 
constant of the solvent was determined to be 5313, using napthalene 
as standard. The molecular weight of 49 was calculated using equation 


Ivey (131). 
[76] eae. 


in this equation, "'m'' is the desired molecular werent, Ke the 
eEryoscopic constant of the solvent, Al the freezing point. depression 
caused by dissolving w g of solute in W g of solvent. The molecular 


weight of 49 was found to be 112.4; required 116.16 for the monomer. 


Thermal Decomposition of 3,3,4,4-Tetramethyl-1,2-dioxetane (49): 


A solution of 49 in benzene was Subjected £O G1) Comandly alomae 
65°. Only one product peak was observed with retention time identical 
with that of acetone. The yield of acetone from the decomposition of 
49 was measured using n.m.r. spectroscopy, by heating a benzene 
solution of 49 in a sealed n.m.r. tube with anisole as internal 
standard. By comparing the average of six integrations of the peaks 


due to the methoxyl group of anisole (t 6.68) and 49 (1 8.83), before 
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heating at 70° overnight, with that of anisole and acetoOnemtT cro9) 


after heating, the yield of acetone was estimated to be 96 + 6%. 


Luminescence in the Thermal Decomposition of 3,3,4,4-Tetramethyl-l, 


2-dioxetane (49): 

By analogy with 3,3,4-trimethyl-1,2-dioxetane (20) it was expected 
that 49 would emit light during decomposition. 

A faint bluish-white luminescence was observed when solutions of 
49 in benzene were heated to 70°. Similarly, a bright green glow was 
observed when a benzene solution of 49 containing pyrene was heated 
above 70°. This experiment provided another link between the two 
1,2-dioxetanes described in this work, and supports the monomeric 
composition which was assigned to 3,3,4-trimethyl-1,2-dioxetane (20). 
By analogy with compound 20 it maybe assumed that the thermal 
decomposition of 49 gives rise to the formation of excited singlet 
acetone. Consequently, compound 49 is inherently more useful as a 
source of photochemical energy than is 20, because the nature of the 


excited species from 49 is known with greater certainty. 


Lack of Reaction Between 3,3,4,4-Tetramethyl-1,2-dioxetane (49) and 


Methanolic Sodium Methoxide: 


A methanol solution ca. 0.11 M in 49 and 0.11 M in sodium 
methoxide showed a singlet, solute absorption at t 8.5] in the n.m.r. 
spectrum. van de Sande has reported (4) that the intermediate formed 
during the reaction of the bromohydroperoxide, 18, with methanolic 
sodium methoxide, absorbs at t 8.67 in the n.m.r. spectrum, so that 


49 can be excluded as an intermediate in that reaction. 
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After 90 minutes at 35° there was no indication that any of 
2,3-dimethy 1-3-hydroperoxy-1-butene (19) Or pinacol had been formed 
ine reach oniwot 49 with sodium methoxide. Instead, the only new 
absorption appeared at t 8.74 which corresponded to the position of 
absorption of acetone in this solvent. Acetone could arise by the 
thermal decomposition of 49. 

This experiment proved that 1,2-dioxetanes are not the precursors 
of allylic hydroperoxides in the reaction of tetrasubstituted 
B-halohydroperoxides with base or in the Cites of olefins? wath 
Singlet oxygen. 

Thefai lure tovobserve pinacol formation, in the above’ reaction 
shows that 49 is even less reactive towards base than is 3,3,4-trimethyl- 
, Which slowly gave 2-methy1-2,3-butanediol (14) under 
Similar reaction conditions. 

Deciding which of the other two mechanisms is involved in allylic 
hydroperoxide formation is considerably more difficult. 


Thermochemical considerations show that the fragmentation reaction 


is far less exothermic than 1,2-dioxetane formation, eq. [77]. 
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Both reaction pathways commence with the same reactants and both give 
water and bromide ion as reaction products. However, pathway ''b", 
eq. [77], is considerably more exothermic because the free energy of 
formation of the 1,2-dioxetane, 40 }iswnech® lowertthan thap of 2,5- 
dimethy1l-2-butene and singlet oxygen combined. The heat of formation 
of 3,3,4,4-tetramethyl-1,2-dioxetane (49) is estimated to be -30 kcal 
mole7? (53), while the combined heats of formation of singlet oxygen 
and tetramethylethylene are estimated (53) to be +6.4)keal mole, 
The heat of formation of singlet oxygen was assumed to be 22.5 kcal 
mole? (132). Thus, in equation [77], pathway "b" would be ca. 40 kcal 
mole”! more exothermoic than path "a'', so that pathway "b'' would be 
energetically more favorable. 

van de Sande has studied the kinetics of the reaction between 
2-bromo-2,3-dimethyl-3-butyl hate ecomie (18) and base. He observed 
(4) that the reaction obeyed second order kinetics, with an activation 
enerey of 726-4, 1.0jkcal mole + and an entropy of activation AS* = 
-46 + 5 e.u. The large, negative entropy of activation implies that 
there is an increase in rigidity in passing to the transition state 
(37g). This result could be interpreted in terms of a rigid transition 


state leading to perepoxide formation, but the transition state for 


fragmentation might be equally rigid: 
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van de Sande (4) observed a transient absorption at t 8.67 in the 
n.m.r. Spectrum of a reacting mixture of bromohydroperoxide 18 and 
methanolic sodium methoxide. It seems quite unlikely that this 
absorption could be due to free 2,3-dimethyl-2-butene. The 
intermediate usually constituted 10% of the total solute species during 
the reaction (4) so that any associated oxygen would be evolved. The 
fact that the reaction gave a quantitative yield of allylic hydroperoxide 
(4) shows that no oxygen could have been lost. Furthermore, singlet 
oxygen would be rapidly deactivated by collision with solvent molecules 
55, 1547 135) .)) Consequently, if: fragmentatronedid occhr)in® theereaction, 
thenthesobserved:antermediate must havesbeen formed’ from! reaction 
petween) tie olefin and Singlétvoxygen.s this possibility’ is not 
unreasonable since the latter reaction proceéds tat avditfusion controlled 
rate (126) * 

To test the possibility that a fragmentation reaction preceeded 
allylic hydroperoxide formation, it was decided to investigate a system 
in which fragmentation might occur, but in which the resulting olefin 
would be unreactive towards singlet oxygen. It is known that olefins 
lacking methyl group substituents are unreactive towards singlet oxygen 


(2) so that formation of such an olefin during the fragmentation 


reaction would be ideal. A suitable substrate which conforms to these 
requirements is erythro-2-bromo-1,2-diphenylethy1 hydroperoxide (50). 


On reaction with base, 50 could fragment to yield trans-stilbene and 


singlet oxygen (125). 
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Preparation of erythro-2-Bromo-1,2-diphenylethyl Hydroperoxide (50): 


A sample of crude 90 was obtained using a modification of the 
general procedure for the preparation of bromohydroperoxides. A 
solution of trans-stilbene in ether was added to a ten-fold excess of 
98% hydrogen peroxide in ether at -40°. Then solid 1,3-dibromo-5,5- 
dimethy lhydantoin (2) was added to the mixture as a fine stream. After 
warming to room temperature the mixture was washed with water when 
large amounts of meso-stilbene dibromide separated (136). The filtered 
ether solution was dried and evaporated to give crude 50), 16 9 8 (754 
pune, 40> yield) as a solid. The n.m.r. spectrum (CDC1z) of the crude 
product showed absorption at t 2.63 (singlet) and t 4.67 (apparently a 
Gouplet) with relative peak “areas of 12-°8:2; required 1022, dt sis 
likely that the major impurity in the product was trans-stilbene. The 
identity of the crude 50 was established by reduction with acidified 
potassium iodide to give erythro-2-bromo-1,2-diphenylethanol (51) 


Me 6305 84.02° 9 reported: (157) msps 183.585. 04. 


Reaction Between erythro-2-Bromo-1,2-diphenylethyl Hydroperoxide (50) 


and Methanolic Sodium Methoxide: 


A solution of 0.05 M 50 in methanol was allowed to react with four 
equivalents of sodium methoxide at room temperature. The mixture was 
stirred briefly and allowed to stand. No oxygen evolution was observed 
during a period of three hours. After this time the solution which had 
become yellow, was poured into water and extracted with ether, ile 


ether extract was concentrated and added to a solution of dianilinoethane 


(26) in acetic acid (117). From this mixture benzaldehyde was recovered 
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as 1,2,3-triphenyltetrahydroimidazole in 17% yield (based on the 
hydroperoxide content of the starting material, [S0]) . 

The aqueous layer was acidified with concentrated hydrochloric 
acid and extracted with 50 ml ether. Concentration of the ether 


extract gave only a trace of crystalline solid which was not examined 


further. 


Luminescence from the Reaction Between erythro-2-Bromo-1,2- 


diphenylethy1l Hydroperoxide (50) and Aqueous Sodium Hydroxide: 
The isolation of benzaldehyde as a derivative from the reaction 
between 50 and base is in keeping with the formation of trans-3,4- 


dipneny ll) \2-diexetane (52) 5 eq. [78]. 
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It seemed probable that under suitable conditions it might be possible 
to observe luminescence from the decomposition of 52. 

A small quantity of benzene saturated with both the bromohydro- 
peroxide, 50, and pyrene was shaken with a cold solution of aqueous 
2 M sodium hydroxide and the mixture gradually heated. At 50° a green 
The emission of 


luminescence was observed from the benzene layer. 


light during this reaction adds strong support to the contention 
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tie the Leaction of 50 with base proceeds via the formation of trans 
3,4-diphenyl-1,2-dioxetane 22, eq. (78].J) Interestingly, all the 
bromohydroperoxides described in Chapter I gave similar luminescence 
under these conditions and also gave blue luminescence when heated 
with aqueous base in the absence of pyrene. 

The failure to obtain oxygen evolution from the reaction Ofte oe 
with base is in keeping with the earlier conclusion that, in the 
reaction of bromohydroperoxides with base, 1,2-dioxetane formation is 
energetically more favorable than fragmentation. Furthermore, since 
1,2-dioxetanes are not involved in the formation of allylic 
hydroperoxides from tetrasubstituted bromohydroperoxides, consideration 
must be given to the proposal that perepoxides are the key intermediates 
mA ehas Convers Lon. 

It has been suggested that perepoxides are intermediates in the 
sensitized photooxygenation of olefins (3,127). Foote and co-workers 
(111) have studied the reaction of singlet oxygen with olefins in 
sensitized photooxygenation reactions, with the object of detecting 
the formation of perepoxides. They argue that product ratios should 
not be influenced by electronic effects if the reaction is concerted. 
Conversely, if the photooxygenation reaction involves the formation of 
a perepoxide intermediate, then, with suitable substrates it should be 


possible to use electronic effects as a probe to detect the formation 


of the perepoxide. With the object of differentiating between these 


alternative mechanisms, Foote and co-workers (LID) studved=the 


sensitized photooxygenation of a series of trimethylstyrene 


derivatives, eq. [79]. 
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tee Hg Pee 05; Seirs 
C= CL - ») 
CH De 
as, i 
vos 
CH CH CH CH 

2 6) 2 
\ | ee 


C - C - OH + Ov Ca€ 


Measured ratio; 2.7 EO 

Stairs ticaleracioy 1 : 20) 
The product distributions were measured from the photooxygenation of 
a variety of meta and para substituents ranging from the methoxyl to 
cyano groupings*(11l1). Within-experimental error, the product ratio 
was 2./7:1.0 for all the substituted trimethylstyrenes. ‘The rate of 
photooxygenation was substantially increased by the presence of an 
electron-donating substituent showing that for stability, the transition 
Stave 101% Leaction requires a high electron density.) Ihesrequirenent 
for high electron density and the failure to obtain a statistical ratio 
of products could be taken as evidence for a perepoxide intermediate 
in the photooxygenation reaction. However, the insensitivity of the 
product ratio to electronic effects militates against a mechanism 
involving a perepoxide intermediate (111). 

‘Similar evidence comes from the photooxygenation of 2-methy1-2- 


butene (1) which yields equal amounts of both possible products, 
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[80] 
/OH 
CH, CH, CH, O HOO CH, 
Se We hv, 05, sens. ~ | | Wi 
Cesk iG > p= GC = CHS en eee i Geran 
Vaal LN a a 
CH 3 H CH 2 H CH 3 H 
i 48 (48%) 12 (52%) 


If a perepoxide intermediate had formed in this reaction, the formation 
of 48, would have been favored through the operation of statistical and 


Pelectronae effects, eq. [81]. 
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In order to gain further insight into the process whereby allylic 
hydroperoxides are formed from 8-bromohydroperoxides it was decided to 
compare the product ratio from the photooxygenation of a trimethyl- 
styrene derivative with that obtained from reaction of the corresponding 
Pung gage with base. The substrate chosen for this 


investigation was 2-methy1-3- (4-methoxyphenyl)-2-butene (53). 
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Synthesis of 2-Methy1-3-(4-methoxypheny1)-2-butene boa 
Thesolerin 23 was prepared using a synthetic Sequence Similar to 


that used by van de Sande (4) for the synthesis of deuterated olefins, 


eae) [82]. 


‘4 ie cH,o—(_)—Mgpr | HO OH 


- S > 
[82] CH, - C-C - CH, High speed CH, = C.-C = 7CH, 
I Stirring Z | 
O (CH, ce) CH, 
2. NH,Cl 
43, OCH; 54 
H-C(OC,H.), | 
V 
eg 
Ms 
yee 
CH, (CH Phe <a oe 
Be HOM + CO, 4 “C=C ss CH: 10) Cea Gr 
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CH, 
CH0 DS 
OCH, 


Reaction between dry 3-hydroxy-3-methyl-2-butanone (43) and 2.4 
equivalents of the Grignard reagent derived from 4-bromoanisole, 
followed by hydrolysis with aqueous ammonium chloride and 
recrystallization of the crude product from carbon tetrachloride, 
gave 75% of 3-methy1-2(4-methoxypheny1)-2,3-butanediol (54) (136). 

The crude glycol, 54, was then heated in admixture with one 
equivalent of redistilled ethyl orthoformate (139). At 140° 4only: 
one equivalent of ethanol distilled from the mixture. The temperature 
was raised to 205° when a second equivalent of ethanol slowly distilled. 


Finally at 225° rapid distillation of ethanol commenced accompanied 
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by evolution of carbon dioxide. When gas evolution had ceased, 91% 


of the expected three equivalents of ethanol had distilled from the 


Eezction mixture, eq, [oo |. 
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The residualjyoxrl was fractionally distilled.to give 80% of 
2-methy1-3-(4-methoxypheny1l)-2-butene (53). The colorless liquid 
solidified on storing at 0° but melted again at room temperature. The 
nam. b.Wspectrum (CC1 4) showed absorption at t 3.20 (quartet, J = 9.3 
c.p.s.) due to the aromatic protons, t 6.37 (singlet) due to the 
protons of the methoxyl group, and t 8.11, t 8.23 and t 8.43 


(unresolved multiplets) due to the protons of the remaining three 


methyl groups. The relative peak areas were 5.8853. 1235 3985 drequnred 
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Sensitized Photooxygenation of 2-Methy1-3- (4-methoxypheny1) -2-butene 


($3) in the Presence of Sodium Hydroxide: 


Avsod ution of 53 in 0.5 M methanolic sodium hydroxide was 
subected to Eosin-sensitized photooxygenation. Oxygen absorption 
ceased abruptly after 4 hours. An ether solution of the resulting 
products was reduced with lithium aluminum hydride to give 92% of a 


mixture of allylic alcohols, eq. [84]. 


CH., CH., 
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The n.m.r. spectrum (CC1l,) of the mixture showed a complex absorption 
at t 2.60-3.42 due to the aromatic protons of both 55 and 56. In 
addition, the major product, 55, showed absorption at 1 4.70 and t 5.13 
(doublets) due to the vinyl protons, Tt 6.27 (sing tetiedue to the 
methoxyl group protons, and t 8.70 (singlet) due to the gem-dimethyl 


groups. The absorptions of the minor product, 56, partly coincided 


with those of the major product, 55. The minor product, 56, showed 


absorption at t 4.90 (multiplet) and 1 5.13 (partly hidden multiplet) 


due to the vinyl protons, Tt 6.27 (hidden singlet) due to the methoxyl 


Me 


& ’ ; 
; , ?) 
ALi Ate 
f 
? me 
; r % 
= i | ] a N 
A ee " Binion pcr’ Henkin & © bgine Cigna) ald : ’ 
; A iy rye a } kee auld Tee ty a 
ras: cheb, MPP te. ga OE 4 i Ne dantaton 
¢ Pa ! = r it My _ 
Me ht ne vestinol 99 
. ‘lt 
Re y 
i j Wie . eT a 
Estey; A oA Le ON ni ba wen rai hy) 
Vials , P an i 
| ae ha : t 
} J i tol 1% (SLE ofa Le re. mit bes 2am Be 
‘ * “a 
ee é 
~ ers " 
ry ¥ tiovignin oLivbia 
‘ 
ay 
/ a 
oe 7% 
oP < 
| it « bd 
: eee 
. v # Vege Nee 
aaa a 
‘ : «a as Pu | ; 
; a re 
Pith ot te 
cD: Vi 1 
Kd » 
i = i if 
} ’ v Ry sled 7 a i 
A, an ¢ 
Ste i Ne 
1 | Oe 
Aa. ne ror a 
¥ a Mak (" 
+ ; (OB aS 4 44 i‘ ‘ i ie 
‘ey v : | i. i ti i r. ; { 
‘es . Wak Aare } ) 
7 ei i a , Po rd 
ef ‘ i ; * » ha 
is ‘ ‘ ; 7 ae i 
: ; bien Sanne ep? 
‘ Sola 
| ae ‘ rere s Den Oa: Clan | pe i) amit il 


va | . ' } | ’ , a at ; | YR a you ah vhs mks 
ny Bh Aig), ee Rate Se are i i: sh Pai rts 


: ' j 7 


Ps i ae ried? nd hieto ets nie ‘ el paca “tt on 


Lie a Fd ay 14 pee AS comes ne nn #63 nt? fey | wae oi 
ry As . ns NM Ty yt 4 f yi io hey ee 

ao Lg bun a ma ah a si a wo? 

vere i mane re ae 

2 358 ce ti 1a hie silt a: iva yep 

= es : ry a ahh a Pana eg ed wn A) if 
Aree Forgan sal Ms a i ashy T vi ook ue aOy: 
a . ee. ie: ap a ny ye My ati ine an 
‘sete fate. "Girt fy (i ron} ert rh 

Ww a ay rl At i a a ‘elebal 


a) 


ebay fhe ao Er 
* 4, 
. 2 i a ; 


\ 


154 


group protons, and t 8.42 (unresolved multiplet) due to the allylic 
methyl group. The absorption due to the benzylic methyl group of 56 
was concealed either under the peak at t 8.42 (due to 56) or cunder 
thie peak cat 1.8.70. (due to 55). “the Tatio of the! products 55356), (was 
estimated by integration of the peaks at t 4.70 (due to Do) sande 4.90 
(due to 56). From the average of three integrations the ratio of 2 
to 56 was found to be 2.5:1.0, in agreement with the value quoted by 
Foote (111) for a series of substituted trimethylstyrenes photo- 
oxygenated in the absence of base. This experiment shows that base has 
no effect onthe sensitized photooxygenation reaction in keeping with 


Roote's conclusion( Fil) that the-reaction iissconcerted,: 


Preparation of 2-Bromo-2-methy1-3- (4-methoxypheny1) -3-buty]l 
Hydroperoxide (57): 

An ether solution of 57 was prepared using a modification of the 
general procedure described in Chapter I for the preparation of 


8-bromohydroperoxides, eq. [85]. 


OH 
| 0 3CHy 
® 
CH CH Br [a 28 
3 ais pre ten & 
[85] Tone i > CH, - C ; CH. 
CH 
ree ne hs 
-40° 
CHO 
5 53 CH30 wu 


A solution of 53 in ether was added to a ten-fold excess of 


hydrogen peroxide in ether at -40°. The resulting mixture was then 


treated with 1,3-dibromo-5 ,5-dimethy1hydantoin (2) and allowed to 


warm to room temperature. The resulting ether solution was washed 
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with water and dried. Any attempt to remove the ether resulted in 
gradual blackening of the product so the ether solution was used 
immediately in the following experiments. JIodometric titration of an 
aliquot of the solution showed that 73% of °7 had been formed in the 
reaction. A second aliquot was repeatedly evaporated with added 
carbon tetrachloride. The n.m.r. spectrum (CC1,) of the resulting 
solution showed a complex absorption at t 2.32-3.33 due to the protons 
of the phenyl ring, t 6.23 (singlet) due to the methoxyl group protons, 
t 8.11 (singlet) due to the benzylic methyl group and t 8.28 and 8.33 
(singlets) due to the protons of the non-equivalent gem-dimethyl groups 
of s/o Invaddition relatively small absorptions occurred at @ 17.52, 

me “OO aid te S206 50% 

The remaining ether solution of 57 was allowed.to react, at 0"; 
with 0.5°5M Sodium hydroxide in methanol for 30 minutes. The¥resulting 
solution was diluted with water, neutralized with acetic acid and 
extracted with ether. The dried ether extract was reduced with lithium 
aluminum hydride to give an impure mixture of allylic alcohols. The 
impure mixture was chromatographed on basic alumina to give 33% of the 
Starting (olefin, 55, and 57% Of a mixture of pure allylic salcoicis. 
The material balance throughout the entire sequence of operations was 
90%. The n.m.r. spectrum (CCl,) of the mixture of alcohols showed a 
fairly clean A,B, pattern centred at t 3.03, due to the aromatic 
protons of both 55 and 5O. in addition, the major product, 55, showed 
absorption at t 4.67 and t 5.12 (doublets) due to the vinyl protons, 

t 6.26 (singlet) due to the methoxyl group protons, 1 8.08 (broad 


Singlet) due to the hydroxyl group proton and «8.68 (Sinelét) due. to 
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the gem-dimethyl groups. The absorptions of the minor product, 56, 
were difficult to detect. At high spectrum amplification, a small 
peak at t 4.89 (multiplet) was seen, due to a vinyl proton, together 
with a small peak at t 8.42 due to the allylic methyl group. 
Integration of the olefinic region of the spectrum revealed a hidden 
peak, due to the other vinyl proton of 563 atime l2e) @ihesabsomp tion 
of the benzylic methyl group of 56 was concealed either under the peak 
at t 8.42 (due to 56) or under the peak at t 8.68 (due to op) elie 
ratio of 55:56 was estimated from the integrations of the peak at 

7 4.67, (dueito 55),,.and. the,peak, at.1\4.89,,(due to) 56). From the average 
of three integrations the ratio of 55:56 was found to be ca. 6.3:1. 


ihe mesult,1s.summarized.in equation, [86]: 


[86] OH 
O CH OH OH 
| | i! oH? CHy | | yen 
CH, - C- C - CH, : eos /c Goee EN CH, - alge 
| 2. (tA Eh | CH, 
Br CH 
3 
CH.O bagel 
CH0 By, 3 55 CHz0 56 
6.3 1 


This result shows immediately, that during the reaction of 57 with 

base, the hydroperoxy group is transferred from the benzylic carbon to 
the homobenzylic position. Furthermore, assuming that the product ratio 
was unaffected during work-up, then it appears that the product ratio 
from the reaction of the bromohydroperoxide 57 with base was different 
from that observed during the photooxygenation of the olefin 53. 


However, it is difficult to place firm reliance on these ratios since 
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the product balance in the two reactions was only 90%. Consequently, 
from this experiment alone, it is not possible to decide whether the 
allylic hydroperoxides from the two types of reaction are formed via 
the same, or different intermediates. However, a high yield of 
allylic hydroperoxide from the base-promoted reaction of the bromo- 
hydroperoxide 58 would be surprising if a fragmentation reaction were 
involved, because the resulting olefin oo 1S NOt Very reactive, towards 
Singlet oxygen. The photooxygenation of 53 takes 4 hours to complete 
under conditions where the photooxygenation of an equivalent amount of 
tetramethylethylene 1s complete in 45 Minutes (4). 

From the results of van de Sande (4), it 1s possible to maker 
further comparison between the photooxygenation reaction and the base- 
promoted reaction of tetrasubstituted B-halohydroperoxides. Firstly, 
both reactions give allylic hydroperoxides. Secondly, both reactions 
give essentially the same product ratios. For example, photooxygenation 
of 1,2-dimethylcyclohexene produces the allylic hydroperoxides, 58 and 


59, in relative yields of 89% and 11%, respectively, eq. [87] (111). 


CH CH CH, 
3 hee One Sens. 2 
[87] ot apes CHE stag: CH 
CH OOH OOH 
58 (89%) 59 (11%) 


Similarly, the base-promoted reaction of 2-bromo-1,2-dimethylcyclohexyl 


hydroperoxide (60) gives the products 58 and 59 in a ratio of ca. 


97:3(4), eq. [88]. 
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ee : aah CH. 
fiCH OH SS 
cL ame Og, 
“OOH a 00H 
po 58 (97%) 59 (3%) 


Clearly, very precise experimentation would be required to establish 
any real difference between the reactions of equations [87] and [88]. 
finally. the reactions may be compared on the basis of the isotope 
effects observed when a deuterated olefin is subjected fo. both 
sequences. Photooxygenation of 2,3-bis-trideuteriomethy1-2-butene (61) 


gave a mixture of two allylic hydroperoxides, eq. [89] (4). 


ee Dz hv, O05, sens. 
[89] Lege S 
Oe Wee 
61 
ia CD 
coe ise ae CDs 
eT eter OOM eset oe Ge 80H 
Ge epee CH 
2) 2 D 
CHz 
62 63 


From the ratio of the products 62 and 63, the isotope effect k ky was 
found to be,1.35 + 0.07 for a variety of Sensitizers™(4) Conversion 
OPetiemdeuterated olefin, 61> to the corresponding bromohydroperoxide 
followed by reaction with base gave a different ratio of the products 
62. and 63. From this ratio an isotope effect of 2.12 2 0°51 was found 
(4). The dissimilar isotope effects observed in these reactions 


indicates that a different mechanism operates in each case, 


In conclusion, it can be seen that the evidence given in this 
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chapter shows that 1,2-dioxetanes are not involved in the formation 
of allylic hydroperoxides from tetrasubstituted §-halohydroperoxides , 
but as yet»no clear decision can be made about the nature of the true 


dmbemmedratée involved! anrthas process: 
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EXPERIMENTAL 


Po lat1 on “of 3,3,4,4-Tetramethyl-1,2-dioxetane (49): 

Several methods were explored for the synthesis of 49, all 
involving the reaction between 3-bromo-2 ,3-dimethy1-2-butyl 
hydroperoxide (18) (4) and silver acetate. Benzene solutions 
containing 49 were prepared by one of the following methods: 

(a) Aqueous Silver Acetate. 

A solution of the bromohydroperoxide 18 (2.065 -¢, 95.4% pure, 

0.01 mole) (4) in 10 ml benzene was shaken in the dark with powdered 
Silver acetate (3.34 g, 0.02 mole) which was partly dissolved in 

f7O me Water. © Ine mixture was Shaken at room temperature tor 15 
minutes. The resulting mixture was filtered with suction. The yellow 
precipitate of silver bromide was washed with 10 ml benzene. The 
filtrate and washings were combined and the organic layer separated. 
The dried organic layer contained the 1,2-dioxetane 49 together with 

a number of other materials. 

(b) Silver acetate in Benzene. 

A solution of the bromohydroperoxide 18 (3.088 g, 95.7% pure, 
0.015 mole) in 30 ml of benzene, was shaken in the dark at room | 
temperature with powdered silver acetate (2.755 g, 0.0165 mole)". "AEcer 
30 minutes the mixture was filtered with suction. The precipitate of 


silver bromide was washed with 5 ml benzene, and the filtrate and 


washings combined. 
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(c) Crystalline Silver Acetate in Benzene. 

Silver acetate powder was dissolved in hot water containing a 
few drops of glacial acetic acid. The resulting solution was filtered 
through two layers of fluted filter paper and then allowed to cool. 
The crystals which formed were collected and dried in a vacuum oven at 
40°. These crystals were used to prepare a benzene solution of the 
1 ,2-dioxetane 49 as described in (b) above, except that at least two 
hours shaking were required for complete reaction. Unfortunately, the 
completeness of reaction could only be judged by examination of the 
Honest. Spectrum of the filtered solution, 
ee Byocedire. 

The solutions (a), (b) and (c), prepared as directed above, were 
examined using n.m.r. spectroscopy. Solutions (a) aid (b) contained 
2,3-dimethy1-3-hydroperoxy-l-butene (19) and the 1,2-dioxetane, 49, 
invapproximately 2:1 ratio... [his ratio was improved tou) 53) inuaie 
solution derived by method (c). These ratios were judged from the 
peak heights of the twelve proton peak of 49, at t 8.83, and the six 
proton peak due to the gem-dimethyl group of 19 at t 8.76. Solutions 
(b) and (c) also contained acetic acid and perhaps acetone which both 


give signals at t 8.39 in benzene. The acetic acid could be removed 


from solutions (b) and (c) by washing with 20 ml of water. In 
addition to the above materials the n.m.r. spectra of solutions (a), 
(b) and (c), showed absorption due to an unidentified neutral material 


at t 9.15. This substance was difficult to remove from the mixture and 


since solutions (b) and (c) contained the least quantity of this 


unknown material the latter methods are the preferred procedures. 
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The reaction time for method (c) was highly variable and different 
batches of silver acetate crystals gave reneeton CLINGS Of 2-4 hours 
After removing acetic acid, solution (b) above was shaken six 
times with 20 ml of 2 M aqueous sodium hydroxide. The aqueous extract 
contained only the allylic hydroperoxide 19. The yield of recovered 
19, 30%, was estimated iodometrically (30). The Organic layer was 
finally washed with 20 ml water and dried over molecular sieves (44); 
The solution was then evaporated, in the manner described for the 
preparation of 3,3,4-trimethyl-1,2-dioxetane (20) (Chapter ih) aa 
mixture of liquid and crystals was obtained. The moist crystals were 
recrystallized from 4 ml pentane, then again from 3 ml pentane at -20° 
using a microfiltration apparatus. Finally, the yellow crystals were 
sublimed at 0.5 mm to yield rectangular yellow platelets of 49, 
ea 76-77° (sealed tube). The melting point apparatus had to be pre- 
heated to 70° to avoid sublimation of the peroxide. The molten 49 
emitted a faint blue light. The yield of 49 was ca. 3-Go, the 
peroxide was very volatile, often subliming to another part of the 
sample tube even when stored at 0°. The crystals of 49 rapidly 
liberated iodine on treatment with potassium iodide in aqueous acetic 
acid. 


The n.m.r. spectrum of the peroxide showed a singlet absorption 


at t 8.83 (benzene) and t 8.58 (CC1,). The n.m.r. spectrum of 49 in 


eo) ° fe} 
fluorotrichloromethane was recorded at -40 , =70° ‘and "90". ) fiw wie 


spectra (CFC1 2) showed singlet absorption at Tt 8.595 with a peak-width 


at half height of 1.9 c.p.-s. 


The infrared spectrum of the peroxide (CCl) has been described 
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in the results and discussion section. 


The Molecular Weight of 3,3,4,4-Tetramethy1-1,2-dioxetane (49). 


ee a ene ee 


(a) Mass Spectrum of 3,3,4-Tetramethyl-1,2-dioxetane (49). 

The mass spectrum of 49 was obtained using an A.E.I. MS-12 mass 
Spectrometer with a water cooled source and direct insertion of the 
Sample. The ionization potential was maintained at 70 volts. Peaks 
were observed at m/e 116.84, 69, 58 and 43. The parent peak at m/e 
116, corresponds to a molecular formula of CoH, 40,. 

(b) Osmometry. 

An attempt was made to determine the molecular weight of 49 using 
a Mechrolab Vapour Pressure Osmometer, Model 301 A with benzene as 
solvent. Although the temperature of the apparatus was only 32.5°, 
rapid decomposition of 49 occurred as revealed by a continuous drift | 
in the meter readings. Consequently, this method was discontinued. 

(ey Freezing Point Depression. 

The molecular weight of 49 was readily determined using an all-glass 
apparatus commonly used in undergraduate laboratories (131). 

Shawinigan, reagent grade benzene was used for the determination. Each 
freezing point was determined three times. Pure benzene (12.27 g) 

froze at thermometer readings of 0.713°, 0.712° and 0.712°. Addition 
of 0.1012 g of napthalene gave a solution which froze at thermometer 
readings of 0.371°, 0.370° and 0.369°. From the mean freezing point 


depression, 0.342°, the cryoscopic constant for benzene was found to 


be 5313 (131). Using a fresh sample of benzene (12.50 ig) ethe freezing 


point occurred at thermometer readings of 0.7107, 0.710 anerO Ree 
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Addition of 0.0878 g of pure 49 gave a solution which froze at 0.378°, 
0.378° and 0.378°. From the freezing depressiong Ulo62 mune 


molecular weight of 49 was found to be 112.4; required 116.16 for 


CoH, 49.- 


Thermal Decomposition of 3,3,4,4-Tetramethyl-1,2-dioxetane (49): 


A solution of 49 in benzene was subjected to g.l.c. analysis on 
a5 ft. x 1/4 in. column of 10% carbowax 1500 on Chromosorb W at 65°. 
Only one product peak was observed with retention time identical to 
that of acetone. The yield of acetone from the decomposition of 49 
was measured by decomposing 49 as a solution in benzene containing 
anisole as internal standard. The mixture was contained in a sealed 
few. £. cups. By comparing the average Of Six integrations On the 
n.m.r. absorptions due to the methoxyl group of anisole (t 6.68) and 
49 (1 8.83), before heating at 70° overnight, with that of anisole 
and acetone (1 8.39) after heating, the yield of acetone was estimated 


£0 be 964164: 


Luminescence in the Thermal Decomposition of 3,3,4,4-Tetramethyl-1, 
2-dioxetane (49): 

A faint bluish-white luminescence was observed when a small volume 
of 0.1 M 49 in benzene was heated to 70°. Brighter, green luminescence 
was observed, when a similar solution of 49 containing pyrene was heated 


to 70°. The luminescence spectrum of the light emitted during the 


decomposition of 49 has not been recorded. 
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Lack of Reaction Between 3,3,4,4-Tetramethy1-1,2-dioxetane (49) and 


Methanolic Sodium Methoxide: 


A sample of solid ASE COMO NGS Te SIS aig 107? mole) was added to 
0.5 ml of 0.11 M methanolic sodium methoxide at room temperature. The 
resulting solution was transferred to an n.m.r. tube which was then 
inserted into the probe of an n.m.r. spectrometer with the probe 
temperature at 35°. After 90 minutes, the only solute absorptions 
visible were at t 7.81, due to acetone, and t 8.51 due to the unreacted 
starting material. Thane were no absorptions which could be attributed 
to 2,35-dimethy1l-3-hydroperoxy-1-butene (19) or pinacol. From the 
integration of the peak due to acetone and the peak due to 49, the 


extent of decomposition of 49 was judged to be ca. 27%. 


a a oe 


A solution of trans-stilbene (9.0 g, 0.05 mole) in 250 ml ether 
Was' added to a solution of 98% hydrogen peroxide (17g, 0.5 mole) ain 
50 ml ether at -40°. Solid 1,3-dibromo-5,5-dimethylhydantoin (2) 
(7.15 g, 0.025 mole) was then added as a fine stream. The reaction 
mixture rapidly acquired a strong brown coloration. The mixture and 
cooling bath were allowed to warm to room temperature. The mixture 
was then washed four times with 50 ml water when copious amounts of 
white crystals began to form. The formation of the crystals was 
accompanied by loss of the brown coloration. The solid was removed 
by filtration and recrystallized from benzene. The recrystallized 


material was identified as meso-stilbene dibromide, m.p. 234-236°; 


reported (136) m.p. 2565 
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The washed ether layer was dried and concentrated to ca.50 ml 
when more meso-stilbene dibromide separated. The concentrated ether 
solution was filtered and the filtrate evaporated to give solid 50, 
7.9 g, 75% pure by iodometric titration (30). The yield of 50 was 
40% of theory. The n.m.r. spectrum has been described in the results 


and discussion section. 


ery thro-2-Bromo-1,2-diphenylethanol (51), trom. 50: 


A solution of 50 (0.91 8, 75% pure, 2.33° x 1079 mole) in 8 ml of 
chloroform, was allowed to react with 2 g of potassium iodide in a 
Mixture of 12 ml glacial acetic acid “and 2 ml water at 25°. After 15 
minutes the liberated iodine was destroyed by adding excess aqueous 
sodium thiosulfate. The resulting mixture was extracted with 25 ml of 
ecenere = ‘Ihe dried ether extract was fi tered (o give crude Si ine 
crude product was recrystallized ™three times ‘from hot heptane to’ give 
pure 51, m.p. 83.5-84.2°; reported (137) m.p. 85.5485 2) ‘The em ar. 
spectrum (CDC1z) showed absorption at 1 2.-/0 (singlet duc: to the 
protons of the phenyl ring, 1t 4.88 (apparently a doublet) due to the 
two methine protons and t 7.62 (singlet) due to the hydroxyl group 


proton with relative peak intensities of TOV ie 947094 jwereq ured 


i Oe: 


eae Between erythro-2-Bromo-1,2-diphenylethyl Hydroperoxide (50) 
innieeataeeeeene nnn —-...----.--0 nn nnn en 


and Methanolic Sodium Methoxide: 
SE Sl a nl a A 
To 50 ml of 0.05 M 50 in methanol was added 20 ml of 0.5 M sodium 


methoxide in methanol at room temperature. The solution rapidly 


became yellow, but no gas evolution occurred. After 3 hours the 
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mixture was poured into 150 ml of water and extracted with 50 ml ether. 
The ether extract was washed once with 50 ml water and dried. Then 
20 ml of glacial acetic acid was added together with solid dianilino- 
ethane (26) (1.06 g, 0.005 mole). The resulting mixture was 
concentrated to 50 ml when 0.26 g of 1,2,3-triphenyltetrahydroimidazole 
separated, m.p. 135-136° and mixture melting point with authentic (26) 
1,2,3-triphenyltetrahydroimidazole 135-136°. The yield of benzaldehyde, 
as, hy255-tripheny ltetrahydroimidazole, was 17% of theory: 

The aqueous layer from the above reaction was acidified with 
hydrochloric acid and extracted with 50 ml ether. The dried ether 
ae was evaporated to give a trace of crystalline material which 


was not examined further. 


Luminescence from the Reaction Between erythro-2-Bromo-1,2-diphenylethyl 


Hydroperoxide (50) and Aqueous Sodium Hydroxide: 


A solution of 2 ml benzene saturated with 50 and pyrene was added 
to 2 ml 2 M aqueous sodium hydroxide. The resulting mixture was heated 
to 50° when a faint green luminescence was observed in the organic 
layer. Similar luminescence was observed when the same experiment was 
carried out using trans-2-bromo-cyclohexy1 hydroperoxide (3), 2-bromo- 
1-phenylethyl hydroperoxide (16) or 3-bromo-2-methy1-2-butyl 
hydroperoxide (11). The latter materials also gave blue luminescence 
when heated with aqueous sodium hydroxide in the absence of pyrene. 
2-Methy 1-3- (4-methoxypheny1)-2-butene (53): 

Sei, ae eS OES ee 


A solution of 3-hydroxy-3-methy1l-2-butanone (43) (43 g, 0.5 mole) 


in 100 ml ether was added dropwise to 1.2 moles of a Grignard reagent, 
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prepared from 4-bromoanisole (225 g, 1.2 mole), and magnesium metal 
2937 ng, bs 22 moles), “iwi7500m) éther. . The mixture was agitated by 
means of a high-speed stirrer. Towards the end of the addition a 
glutinous mass separated from the mixture which could not be agitated. 
As the addition continued more of this material was deposited. The 
mixture was heated under reflux for a further 30 minutes at the end 
of the addition. The mixture was then hydrolyzed by adding 1.2 moles 
of ammonium chloride as a 25% aqueous solution. It was necessary to 
manually scrape the glutinous deposit off the sides of the flask during 
the hydrolysis. The ether layer was separated by decantation and the 
:2oRee eet Slurry washed several times with ether. The combined ether 
extracts were dried by slowly passing the solution through a column 
of molecular sieves (4A). The dried ether solution was concentrated 
by distillation through a 15 cm vigreaux column. The pressure was 
then reduced to 7 mm when 40 g of anisole were recovered, b.p. 33°. 
The hot residue, at 75°, was added to 100 ml of hot heptane and 
swirled when the oily product rapidly solidified. The crude product 
was recrystallized from 100 ml of hot carbon tetrachloride to give 
79 g (75%) of 3-methyl-2-(4-methoxypheny1)-2,3-butandiol (54) m.p. 
76-84°; reported (138) m.p. 87-88°. A small quantity of the glycol, 
54, was further recrystallized from hot carbon tetrachloride to give 
ea melting at 82-85°. 

For the next stage in the synthesis, a mixture of 54 (70.0 g, 
0.333 mole) was heated at 140° in a conventional distillation apparatus 
Within two hours 14.4 g (0.313 mole) of ethanol had distilled 


(139). 


over. The temperature of the heating bath was yaised £07 205-5 Arter 
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aurnther J2shours 24.6 g (0.535 mole) of ethanol had distilled. The 
heating bath was again raised to 225° when ethanol distillation resumed, 
together with evolution of carbon dioxide (lime water test). After one 
Nouceat, 225.5. Ale 2 gO, 907 mole) of ethanol had been recovered and 
gas evolution had ceased. The residual oil was distilled to give 
47.3 g (80%) of 2-methy1-3- (4-methoxypheny1)-2-butene ep hee Meglio 
239-243° (702 mn), be = 1.5309; reported (140) b.p. 234° (760 mm), 

aps 


ip = aZ05. Ihe nm.2. spectrum (CCl,), described in the results 


and discussion section, agrees with the published spectrum (140). 


Sensitized Photooxygenation of 2-Methy1-3- (4-methoxypheny1) -2- 
butene (53) in the Presence of Sodium Hydroxide: 

A solution, of, 53.,(2.095.9,..11.9 mmole) in 30 ml of 0.5 M methanolic 
sodium hydroxide was subjected to Eosin-sensitized photooxygenation 
(4). After 4 hours, oxygen uptake ceased abruptly. The mixture was 
poured into 100 ml water and neutralized with glacial acetic acid. 
The resulting mixture was extracted twice with 50 ml ether. The 
combined ether extracts were washed once with 50 ml of saturated 
aqueous sodium chloride solution and dried. The dried ether extract 
was then added to a slurry of 1.0 g of lithium aluminum hydride in 
15 ml ether and the resulting mixture heated under reflux for one hour. 
After this time 15% aqueous potassium hydroxide was added until the 
organic layer became clear. The organic layer was removed by 
decantation, leaving a slurry which was washed several times with 
The combined ether extracts were dried and evaporated to 


ether. 


constant weight. There was obtained, 2.103 g (92%) of a mixture of 
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allylic alcohols. The n.m.r. Spectrum, described in the results and 
discussion section, showed the presence of 3-hydroxy-3-methyl-2- (4- 
methoxypheny1)-1-butene (S5)r and 5-hydroxy ~2-methy1-3- (4-methoxypheny1) - 


l-butene (560) Sin ‘a ratiorot 20501, 


2~Bromo-2-methy 1-3- (4-methoxypheny1)-3-butyl Hydroperoxide (57): 
eS eee aa ee a Ea gt ae 


A solution of the olefin 23 (8.8 g, 0.05 mole) in 25 ml ether was 
added to a mixture of 98% hydrogen peroxide: (17 9) OuSanole ly anda 
ml ether at -40°. Then solid 1,3-dibromo-5 ,5-dimethylhydantoin (2) 
(7.15 g, 0.025 mole) was added as a fine stream. The mixture and 
‘cooling bath were allowed to warm to room temperature. The resulting 
solution was washed six times with 50 ml water and the organic layer 
separated. Any attempt to remove the solvent from the dried ether 
solution of 57 resulted in loss of the peroxide content and blackening 
of the product. Consequently, the ether solution of 57 was made up to 
100 ml with ether and used immediately. A 10 ml aliquot of this 
solution) was titrated for peroxide ‘content (30).7 “Wis estimation 
showed that 73% of 57 had been formed in the reaction. A further 10 
ml of the ether solution was diluted with 10 ml carbon tetrachloride 
and evaporated to ca. 5 ml volume. The n.m.r. spectrum of the resulting 
ether-free solution has been described in the results and discussion 
section. 

The remaining 80 ml of ether solution were immediately cooled to 
0° and 100 ml of 0.5 M methanolic sodium hydroxide added over a period 
After a further 30 minutes at 0° the mixture was diluted 


Of LS minuces. 


with 100 ml water and neutralized with glacial acetic acid. The 
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resulting mixture was extracted twice with 100 ml Of ethere” The 
combined ether extracts were washed with 100 ml of saturated aqueous 
sodium chloride, dried, and concentrated to 100 ml volume. One quarter 
of this solution was diluted with 10 ml carbon tetrachloride and 
evaporated to 5 ml volume. "The nansr. spectrum (CC1,) of this solution 
showed the presence of several compounds. The major components were 
provisionally judged to be the starting Olefin 53 and 3-hydroperoxy-3- 
methy1-2-(4-methoxypheny1)-1-butene. 

The remaining 75 ml of the allylic hydroperoxide solution was 
added to a stirred slurry of lithium aluminum hydride (2.5 g) in 60 
i ether. The resulting mixture was heated under reflux for one hour, 
then 15% aqueous potassium hydroxide was added until the organic layer 
Became clear. Theiether layer was decanted and the residual slurry 
washed several times with ether. The combined ether extracts were 
dried and evaporated to constant weight. Eighty-five percent of the 
residual oil was chromatographed on 300 g of basic alumina using 
pentane as eluent. The first material to be eluted was the starting 
olefin 53. When elution of the olefin 53 had ceased, the pentane 
solution was evaporated to constant weight. There was abtained 1.48 g 
of the starting olefin 53, (33%) based on the amount of olefin used 
initially. This material gave a noes peak on g.l.c. analysis using 
a5 ft. x 1/4 in. column of Q.F. 1 at 140°. The olefin was identified 
by comparison of its g.l.c. retention time with that of authentic 
2-methyl-3- (4-methoxypheny1) -2-butene (53. 

The column of alumina was further eluted with 50:50 v/v pentane- 


ether to give a minute amount of a crystalline solid which was not 
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examined further. Finally, the column was eluted with ether until the 
eluent was solute free. The resulting ether solution was evaporated 

to constant weight when 2.80 g of a mixture of allylic alcohols was 
obtained, (57% based on the amount of olefin used initially). The | 
mal.c. Spectrum of this mixture, described in. the’ results and 
discussion section, showed the presence of 3-hydroxy-3-methy1l-2- (4- 
methoxypheny1)-1-butene (55) and 3-hydroxy-2-methy1-3- (4-methoxypheny 1) - 


I-butene (56) in a ratio of ca. 6.3:1. 
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